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Long-term chemotherapy-related 
cardiovascular morbidity 

Martin Meinardi 



STELLING EN 

bij het proefschrift 

"Long-term chemotherapy-related cardiovascular morbidity" 

1. De huidige follow-up duur van 10 jaar voor testiscarcinoom patienten behandeld 
met cispla-tine-bevattende chemotherapie, is voor het opsporen van een recidief 
voldoende maar voor het opsporen van lange termijn effecten te kort. (dit proef
schrift) 

2. Chelatie-therapie toegepast in het kader van de behandeling van atherosclerose 
kan bij testiscarcinoom patienten, behandeld met cisplatine-bevattende 
chemotherapie, mogelijk wel van waarde zijn. 

3. De mens heeft niet alleen psychisch, maar ook fysiek moeite om eens gekregen 
edele metalen weer af te staan. (dit proefschrift) 

4. Het evalueren van anthracycline cardiotoxiciteit door alleen de systolische functie 
van het hart in rust te meten, is onvoldoende. ( dit proefschrift) 

5. Hoge-dosis chemotherapie zoals toegepast bij borstkanker patienten geeft geen 
aantoonbare toename van cardiotoxiciteit op korte termijn. (dit proefschrift) 

6. Heart rate variability analyse is voor het opsporen van anthracycline cardiotoxi
citeit bij de individuele patient niet geschikt. 

7. Voordat herceptin toegepast kan gaan word en in de adjuvante behandeling van 
borstkanker dienen de cardiotoxische effecten nauwkeurig te word en geeval
ueerd . 

8. In de ontwikkeling van kanker zijn omgevingsfactoren van groter belang dan 
genetische factoren. (N Engl J Med 2000;343:78-85) 

9. In de afgelopen decennia is endotheel gepromoveerd van een eenvoudige bin
nenbekleding van bloedvaten tot het grootste autocriene, paracriene en 
endocriene orgaan. 



10. Een hart zo sterk als dat van een neushoorn, geeft geen garantie dat dit hart een 
anthracycline kuur kan overleven (Vet Pathol 2000 ;37:86-88) 

11. Huwelijksstress verhoogt bij vrouwen de kans op het krijgen van een hartinfarct. 
Mannen hebben een verhoogde kans op het krijgen van een hartinfarct tijdens 
het kijken naar voetbal-wedstrijden. Omdat het een met het ander te maken zou 
kunnen hebben, dient zeker in een matig huwelijk het kijken naar voetbalwed
strijden te warden ontraden. (BMJ 2000;321 :1552-54; JAMA 2000; 284:3008-
14) 

12. Om het dreigende tekort aan specialisten op te vangen, dient het budget voor 
agiogenese te warden vergroot. 

13. Doordat de mens zich bindt aan nieuwe communicatie technieken als 'wappen' 
en 'blue tooth' raakt hij de draad in zijn leven kwijt. 

14. Gesteld dat de mens inclusief zijn denkproces niet meer is dan een vat toevallige 
botsende moleculen, dan impliceert dit dat deze stelling bij toeval is ontstaan en 
dus geen enkele waarde heeft. 

Martin Meinardi, 21 februari 2001 



CIP-GEGEVENS KONINKLIJKE BIBLIOTHEEK, DEN HAAG 

Meinardi, M.T. 
Long-term chemotherapy-related cardiovascular morbidity 
Proefschrift Groningen. -Met lit.opg, -Met samenvatting in het Nederlands 

ISBN 90-806085-2-1 

NUGI 742 

©Copyright 2001 M.T. Meinardi 
All rights are reserved. No part of this publication may be reproduced, stored in a retrieval sys
tem, or transmitted in any form or by any means, mechanically, by photocopying, recording or 
otherwise, without the written permission of the author. 

Design and layout: M.T. Meinardi 
Printed by: Drukkerij G. van Ark, Haren 

.. 



RIJKSUNIVERSITEIT GRONINGEN 

Long-term chemotherapy-related cardiovascular morbidity 

Proefschrift 

ter verkrijging van het doctoraat in de 

Medische Wetenschappen 

aan de Rijksuniversiteit Groningen 

op gezag van de Rector Magnificus, Dr. D.F.J. Bosscher, 

in het openbaar te verdedigen op 

woensdag 21 februari 2001 

om 16.00 uur 

door 

Martin Theodoor Meinardi 

geboren op 4 juni 1970 

te Groningen 



Promotores: Prof. Dr. D.Th. Sleijfer 
Prof. Dr. DJ van Veldhuisen 

Co-promotor: Dr. W.T.A. van der Graaf 

Referent: Dr. J.A. Gietema 



Promotiecommissie: Prof. Dr. H.J.G.M. Crijns 
Prof. Dr. Ir. F.E. van Leeuwen 
Prof. Dr. N.H. Mulder 



Printing costs of this thesis were kindly supported by contributions of the Stichting 
Werkgroep lnterne Oncologie, AstraZeneca BV, Bristol-Myers Squibb BV, Glaxo 
Wellcome BV, Merck Sharp & Dahme BV, Monsanto Nederland BV (division Searle), 
Novartis Pharma BV, Pfizer BV, Pharmacia & Upjohn BV, Sanofi Winthrop BV, Servier 
Nederland BV andYamanouchi Pharma BV. 



CONTENTS 

Chapter 1 Introduction 

Chapter 2 Long-term chemotherapy-related cardiovascular morbidity 
Cancer Treatment Reviews 2000; 26- 429-47 

Chapter 3 Detection of anthracycline-induced cardiotoxicity 
Cancer Treatment Reviews 1999; 25: 237-47 

Chapter 4 Cardiovascular morbidity in long-term survivors of meta
static testicular cancer 
Journal of Clinical Oncology 2000; 18: 1725-32 

Chapter 5 Circulating plasma platinum more than 10 years after cis-
platin treatment for testicular cancer ., 

The Lancet 2000; 355: 1075-76 

Chapter 6 Magnesium and phosphorus 
The Lancet 1998; 352: 1476 

Chapter 7 Early detection of anthracycline induced cardiotoxicity in 
asymptomatic patients with normal left ventricular systolic 
function: autonomic versus echocardiographic variables. 
Heart 1999; 81: 419-23 

Chapter 8 Evaluation of long-term cardiotoxicity after epirubicin
containing adjuvant chemotherapy and locoregional radio
therapy for breast cancer, with various detection tech
niques 

Chapter 9 

Chapter 10 

Chapter 11 

References 
Danl<woord 

Submitted for publication 

Prospective evaluation of early cardiac damage induced by 
epirubicin-containing adjuvant chemotherapy and locore
gional radiotherapy in breast cancer patients 
journal of Clinical Oncology, in press 

Future perspectives 

Summary 

Nederlandse samenvatting 

9 

13 

37 

51 

65 

69 

71 

81 

93 

107 

111 

117 

123 

139 





CHAPTER 1 

INTRODUCTION 

9 



CHAPTER 1 

Thanks to the success of chemotherapy in the treatment of curable disseminated 
neoplasms such as testicular cancer, and the increasing application of neoadjuvant and 
adjuvant chemotherapy for various tumor types including breast cancer, the number 
of patients with a normal life expectancy after treatment is rising. Evaluation of possi
ble chronic side-effects of the chemotherapy is therefore becoming increasingly rele
vant in these patient groups. Investigations with respect to long-term chemotherapy
related cardiovascular morbidity are of particular importance since it may negatively 
iofluence the quality of life and the life expectancy of these patients. There is uncer
tainty concerning this issue since the follow-up of many patients treated with different 
chemotherapy regimens is limited yet. So far most data on long-term cardiovascular 
toxicity have been collected in survivors of childhood cancer treated with anthracy
clines. Anthracyclines are well-known for their cardiotoxic side-effects. The induction 
of chronic cardiomyopathy which can culminate in congestive heart failure (CHF) is 
the one that is most clinically relevant.1 Most cases of CHF occur within the first year 
after treatment,2 but several studies in long-term survivors of childhood cancer have 
described patients who developed CHF after a latency of more than 10 years.3.4 In ad
dition, subclinical cardiotoxicity has been reported to be present in up to 65% of the 
survivors, and the prevalence rises with the length of follow-up.3·5 Therefore concern 
exists that also the prevalence of late-onset CHF will increase with longer follow-up. 
The number of fol.low-up studies in adults focussed on the long-term cardiovascular 
toxicity of chemotherapy is limited. This issue is of less relevance in patients with a 
poor prognosis who will rather die of tumor recurrence than face problems of chronic 
cardiovascular toxicity. 

However, evaluation of chronic cardiovascular toxicity is particularly of impor
tance in patients which can be cured with chemotherapy as is the case with testicular 
cancer. Most patients with metastatic testicular cancer are young (usually between 20 
and 40 years of age) and about 90 % of them can nowadays be cured with cisplatin
based chemotherapy.6 Once cured from the tumor these patients are presumed to 
have a normal life expectancy. This patient cohort is therefore an ideal model to study 
long-term side effects of chemotherapy. Several chronic side effects of this treatment 
have been recognized already for a long time, such as nephrotoxicity and neurotoxic
ity.7·8 Furthermore, Raynaud's phenomenon which is considered a manifestation of 
small vessel disease occurs in about 30 percent.9 Moreover, several case reports on 
myocardial infarctions and cerebrovascular accidents have been reported to occur 
during or several weeks or months after chemotherapy.10·12 However, in large follow
up studies no increased risk of cardiovascular disease has been observed so far.13·14 On 
the other hand several studies suggested that these patients develop after treatment 
an unfavorable cardiovascular risk-profile including hypercholesterolemia and hyper
tension.14-16 This cardiovascular risk-profile may have an impact on the development of 
cardiovascular disease in the long-term. 

Another patient group for whom the issue of chronic cardiotoxicity is of im
portance is the group of breast cancer patients treated with adjuvant chemotherapy. 
Anthracyclines are nowadays increasingly used in these patients, since they have been 
shown to result in a better survival compared to regimens without anthracyclines.17·18 

However, in this group of patients concern exists that in the long-term this survival 
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benefit is counterbalanced by the risk of CHF caused by these anthracyclines: Evalua
tion of the cardiac function by means of detection techniques may help to identify 
patients at risk for CHF in an early subclinical stage of the disease. This may open new 
ways to medical intervention with for example angiotensin converting enzyme inhibi
tors with the purpose to delay further deterioration.19·

20 Most commonly, during and 
after anthracycline treatment only the systolic function of the heart is evaluated by 
means of assessment of the left ventricular ejection fraction by radionuclide ven
triculography. However, the sensitivity and specificity for early detection of cardio
toxicity has been shown to be limited.21 Based on new insights into the pathophysio
logy of anthracycline cardiotoxicity and the development of CHF in general new and 
useful detection methods have been proposed that may determine cardiotoxicity in 
an earlier stage.22 

The aim of this thesis is to evaluate the chronic adverse effects of chemother
apy on the cardiovascular system in survivors of disseminated testicular cancer treated 
with cisplatin based chemotherapy and in breast cancer patients treated with anthra
cycline containing adjuvant chemotherapy, with or without high-dose chemotherapy. 
The studies in survivors of testicular cancer will focus on the prevalence of cardiovas
cular disease and cardiovascular risk-factors, as well as on other factors that could play 
a role in the pathogenesis. The studies performed in the breast cancer patients will 
focus on the determination of the prevalence of (sub)clinical cardiotoxicity and on the 
evaluation of the usefulness of several detection techniques to determine this cardio
toxicity. 

In chapter 2 an overview of the literature will be presented on the long-term 
chemotherapy-related cardiovascular toxicity in patients with a good life-expectancy 
after treatment such as survivors of testicular cancer and malignant lymphomas, and 
patients treated with adjuvant chemotherapy for breast cancer and colorectal cancer. 

In chapter 3 the literature concerning the detection of anthracycline cardio
toxicity is reviewed. New methods such as the determination of diastolic function pa
rameters, heart rate variability, and natriuretic peptides have been proposed to iden
tify patients at risk for the development of CHF in an early stage.23·24 Their value and 
usefulness in clinical practice are discussed. 

Since in previous studies it was shown that a number of testicular cancer patients 
develops an unfavorable cardiovascular risk-profile after chemotherapy, including hy
percholesterolemia and hypertension,14

·
16 concern exists whether these cured patients in 

the long-term are at an increased risk of developing cardiovascular morbidity and mor
tality. 

In chapter 4 the results are presented of a follow-up study performed in long
term survivors of testicular cancer who were 10 to 20 years after chemotherapy, fo
cussed on the prevalence of cardiovascular events and cardiovascular risk-factors. 

After treatment with cisplatin-based chemotherapy platinum has been demon
strated to retend for years in several organs including the liver.25 Up to 8 years after che
motherapy platinum has been detected in the urine of testicular cancer survivors.26 We 
investigated whether platinum compounds are still present in the plasma 10-20 years 
after treatment, and whether this might play a role in the development of chronic car
diovascular toxicity. The results are described in chapter 5. 
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Magnesium deficiency in general has been suggested to play a role in the devel
opment of several cardiovascular risk factors including hypertension and dyslipidemia 
and in the development of cardiovascular events.21·29 Cisplatin is known to induce 
proximal-tubule damage that results in renal magnesium wasting.30 In chapter 6 we de
scribe whether long-term survivors of testicular cancer treated with cisplatin based che
motherapy still have signs of a disturbed magnesium balance. 

The long-term consequences of the incorporation of anthracyclines and related 
compounds in adjuvant chemotherapy regimens used in high-risk breast cancer with 
respect to cardiotoxicity have not been established yet. Furthermore the role of high
dose chemotherapy with respect to induction of cardiac dysfunction has not been 
studied thoroughly. As aforementioned, detection of cardiotoxicity in an early stage 
may be important since it may identify patients at risk for CHF. We investigated the 
prevalence of cardiotoxicity in several groups of breast cancer patients, and at the same 
time we evaluated the usefulness of several detection techniques. 

In chapter 7 the results are presented of an exploratory study on the prevalence 
of early cardiac damage in breast cancer patients (both locally advanced and metastatic) 
who had been treated with anthracyclines combined with locoregional irradiation. These 
patients had all participated in high-dose chemotherapy schedules with autologous 
bone marrow or peripheral stem cell transplantation. Particularly the prevalence of 
abnormalities in heart rate variability and diastolic function parameters was investigated. 

Subsequently we investigated the prevalence of cardiac damage in a more homo
geneous population consisting of patients with locally advanced breast cancer who had 
been treated 2 or more years previously with anthracycline-containing adjuvant chemo
therapy as part of a randomized phase Ill study. In this study patients were treated with 
either five cycles of 5-fluorouracil, epirubicin and cyclophosphamide (FEC) or with 4 cy
cles of FEC followed by high-dose chemotherapy consisting of cyclophosphamide, thio
tepa and carboplatin. Cardiac damage was evaluated by determination of the left ven
tricular ejection fraction by radionuclide ventriculography, echocardiography for evalua
tion of the diastolic function, heart rate variability analysis calculated from a 24-hr Holter 
recording, an electrocardiogram and natriuretic peptides. The results are presented in 
chapter 8. 

Following this cross-sectional study we performed a prospective evaluation of 
changes in the cardiac function of other breast cancer patients participating in the same 
phase Ill study. The results are described in chapter 9. This cardiac evaluation was per
formed before chemotherapy and at various points of time after chemotherapy by 
means of the same detection techniques as were used in the cross-sectional study. 

After some perspectives for future research described in chapter 10, a summary 
of the results of all investigations is given in chapter 11. 
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CHAPTER 2 

SUMMARY 

As a conse9uence of the successful use of chemotherapy in the treatment of curable 
neoplasms such as germ cell tumors and malignant lymphomas, and the increasing 
application of neoadjuvant and adjuvant chemotherapy for various tumor types, the 
number of patients with a prolonged life expectancy after treatment is rising. Atten
tion to long-term side effects, including cardiovascular toxicity is therefore of growing 
importance. 
In this review, we evaluate the literature on long-term cardiovascular toxicity related 
to chemotherapy in adult patients. Two categories of patients with good life expec
tancy have been reviewed, namely patients treated with adjuvant chemotherapy. In 
the first category the literature on long-term cardiovascular morbidity in survivors of 
metastatic testicular cancer and lymphomas is discussed, while in the second category 
this is done for patients treated with adjuvant chemotherapy for breast and colon can
cer. As well as the direct toxic effects of chemotherapy on the cardiovascular system, 
the indirect toxic effects such as chemotherapy related metabolic changes that may 
cause cardiovascular morbidity are also discussed. 

INTRODUCTION 

Various anti neoplastic agents used in the treatment of cancer have adverse effects on 
the cardiovascular system. For fre9uently used agents, such as doxorubicin and 5-
fluorouracil, the risk of acute cardiovascular toxicity (occurring during or shortly after 
its administration) has been extensively evaluated and is well-known.31

·
32 However, the 

long-term effects of many single agents and combination chemotherapy regimens on 
the cardiovascular system are not so well known. Results of various long-term follow
up series of survivors of childhood cancer treated with anthracycline-based che
motherapy regimens have made oncologists aware that cardiovascular damage can 
become manifest many years after completion of the chemotherapy.3.4.33 Also, for 
adult cancer patients late cardiovascular toxicity may be a threat. This seems, however, 
a less relevant issue for patients with disseminated cancer who have a poor prognosis, 
because most patients are likely to die before late cardiovascular toxicity becomes 
manifest. 

For at least two categories of patients this late toxicity really may be a potential 
danger. The first category consists of patients who have been successfully treated with 
chemotherapy for metastatic disease and who are judged to have a normal life expec
tancy. In adult oncology this is confined to patients with metastatic testicular cancer 
and to a substantial portion of patients with malignant lymphomas. 

The second category of patients for whom late cardiovascular toxicity might be 
a relevant issue are those who receive chemotherapy, not because of overt ·metastatic 
disease, but because of the risk of micrometastases, namely adjuvant treatment. Cur
rently, the most important indication for adjuvant chemotherapy is breast cancer.34 

The other group in whom adjuvant chemotherapy plays an increasingly important role 
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is colon cancer.34 Although adjuvant chemotherapy is used in other tumor types, this 
can not be considered standard treatment. 

To evaluate the late effects of chemotherapy on the cardiovascular system we 
have studied the literature concerning the aforementioned groups. For each cancer 
type, cardiovascular toxicity will be described in relation to the most fre9uently used 
chemotherapy schedules. The main focus is late cardiovascular toxicity, but since the 
literature about acute cardiotoxic effects may give relevant information for the in
sights into the development of late cardiovascular toxicity, this will also be discussed 
briefly. In addition, factors indirectly influencing the development of cardiovascular 
disease, such as hypertension and metabolic changes that might have an impact on 
the development of late cardiovascular toxicity, will be discussed. 

CARDIOVASCULAR TOXICITY IN SURVIVORS OF METASTATIC DISEASE 

Survivors of metastatic testicular germ-cell cancer 

Metastatic testicular cancer has become a curable disease after the introduction of 
cisplatin-containing chemotherapy in the late 1970s. At present more than 80 % of 
patients who present with metastatic testicular cancer can be cured.6 This high cure 
rate together with the fact that the tumor presents at a young age (usually between 20 
and 40 years) makes germ cell cancer an important model for both curable disease 
and for long-term side effect of chemotherapy. 

Chemotherapy regimens 
Patients with metastatic testicular cancer were originally treated with cisplatin, vin
blastine and bleomycin (PVB) followed by prolonged maintenance therapy, consisting 
of cisplatin and vinblastine.35 Subse9uent studies showed that this maintenance ther
apy was unnecessary,36 and vinblastine was replaced by the less toxic and probably 
more efficacious agent etoposide.37 At present, the regimen consisting of four cycles 
of bleomycin, etoposide and cisplatin (BEP) is accepted as the standard.38 

Acute cardiovascular toxicity 

Myocardial toxicity 
No clear indications exist that any agent (bleomycin, etoposide, cisplatin, vinblastine) 
used for testicular cancer, causes direct damage to the cardiomyocytes in a compara
ble way to anthracyclines. Myocardial infarctions that occur during chemotherapy 
usually have a vascular origin and are discussed below. 

Vascular toxicity 

Cardiovascular events 
Several reports have appeared in the literature describing cases of severe angina pec
toris and acute myocardial infarctions occurring during or shortly after administration 
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of chemotherapy for testicular cancer. 10·1 2·3941 In all these cases occurring in young 
men, there was no clear evidence of pre-existing cardiovascular disease and in those 
cases where a coronary angiography was performed, no abnormalities were found. 
Hypoperfusion of the coronary arteries resulting from vasospasm or thromboembo
lism seems the most probable mechanism underlying these acute ischaemic events. 
As magnesium plays an important role in the maintenance of the vascular smooth 
muscle tone, hypomagnesemia, which frequently accompanies cisplatin therapy,42 

may provoke such vasospasms of the coronary arteries. 29 However, since myocardial 
infarctions have also been reported after the administration of both the single agent 
vinblastine and etoposide, this may not be the only mechanism involved.43.44 

Although thromboses and thromboembolic events during chemotherapy may 
be the result of tumor activity, cisplatin based chemotherapy also appears to provoke 
thrombus formation.4549 Possibly cisplatin based chemotherapy causes direct damage 
to the endothelium resulting in a hypercoagulable condition. Progressive elevations in 
plasma levels of the von Willebrand factor (a marker of endothelial injury), have been 
described in 3 patients who developed vaso-occlusive complications during cisplatin 
based chemotherapy.50 Altered endothelial integrity may initiate platelet adhesion and 
activation or cause disturbances in prostacyclin-thromboxane homeostasis, thereby 
promoting thrombotic vascular occlusion. Whether a single agent or the combination 
of agents is responsible for these acute cardiovascular events is not clear, since they 
have been reported f

o
llowing vinblastine alone,43 etoposide alone,44 vinblastine and 

cisplatin,51 PVB- combination10
•
40 and the BEP combination. 1 2 

C erebrovascular events 
Several cases have been reported of fatal ·and non-fatal cerebrovascular events that 
happened during or shortly after chemotherapy administration.10

•
1 2.4°·52·53 The close 

temporal association between the administration of chemotherapy and these events 
suggests a causal relationship. In none of these cases an abnormal cerebral angiogra
phy was reported, and in most of these cases risk-factors for vascular disease were 
lacking. The suggested mechanisms that underlay these events are similar to those 
that may play a role in the occurrence of cardiovascular events, namely temporary va-
sospasms or thromboembolism. 10 

Other vascular events 
Pneumonitis induced by bleomycin is a well-known side-effect of this agent and is 
characterized by diffuse alveolar damage leading to interstitial pneumonitis and fibro
sis. Although the exact pathogenesis remains unclear and several mechanisms are in
volved, the initial site of pulmonary injury probably takes place in the endothelial cells 
lining veins and arteries, followed by lesions in the capillary endothelium.54 Thereafter 
several changes occur, including the typical decrease in type I pneumocytes, migration 
of alveolar macrophages, followed by an exudative and finally a fibrotic response. The 
changes in several lung function parameters observed during bleomycin containing 
regimens are considered to reflect these changes. Although bleomycin is probably the 
most important agent that causes damage to the lung vasculature, lung function pa
rameters also decrease in patients treated with EP suggesting that etoposide, and · 
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CHEMOTHERAPY-RELATED CARDIOVASCULAR MORBIDITY 

more probably cisplatin also may cause damage to the lung vasculature.55 In the ma
jority of cases the decreases in lung function are completely reversible,56 suggesting 
also reversibility of vascular damage. 

Late cardiovascular toxicity 

Myocardial toxicity 

As mentioned earlier the chemotherapy used in the treatment of disseminated tes
ticular cancer does not have a direct toxic effect on the myocardium. Although minor 
damage can not be excluded with certainty, so far no cases of cardiomyopathy or 
heart failure unrelated to ischemic heart disease have been reported. However, late 
myocardial infarctions may occur as a consequence of coronary artery disease as will 
be discussed below. 

Vascular toxicity 

Various manifestations of late vascular toxicity have been reported in survivors of tes
ticular cancer. The mechanisms underlying these manifestations are not clear and may 
be multifactorial. Chronic endothelial damage is thought to play an important role in 
the development of late vascular toxicity.57 Such endothelial damage may be caused 
particularly by bleomycin and possibly also by cisplatin. Various toxic effects of bleo
mycin on endothelial cells in vitro and capillaries and small arterioles in vivo have been 
described. 54

·
58

·
59 Such endothelial damage may be a generalized process affecting dif

ferent parts of the vascular system. Microalbuminuria, which is considered to reflect 
wide-spread endothelial dysfunction,60

•
61 was recently found to be present in 22% of 

long-term survivors of testicular cancer.62 In patients treated with bleomycin, capillary 
damage of the nailfold can be visualized by capillary microscopy, even in asympto
matic patients.63 Damage of the autonomic nervous system that innervates the 
smooth muscle of the peripheral vessels, may also play a role particularly in the patho
genesis of Raynaud's phenomenon.57 Similar damage may be caused by the agents 
cisplatin or vinblastine, both known to have neurotoxic side effects.7 Persistent hypo
magnesemia due to cisplatin-induced renal magnesium wasting, could be another 
pathogenetic factor involved in the development of vascular toxicity.28

·64
-
66 Finally, the 

chemotherapy-induced metabolic and hormonal changes may have an impact on late 
vascular toxicity particularly on the development of premature atherosclerosis. 

Coronary vasculature 
The most worrying type of late vascular toxicity is damage to the coronary arteries, 
which may be directly life-threatening as a consequence of myocardial infarction. The 
first report about chronic damage of the coronary arteries dates from 1979. It de
scribes two young men treated for testicular cancer with PVB chemotherapy, who 
were found at autopsy to have severe coronary atherosclerosis, despite the lack of fac
tors for atherosclerosis.67 Several other cases of coronary artery disease and myo
cardial infarctions have been described occurring months to years after chemother-
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apy.14·
1 5.4°·68

·
69 In some of these cases a causal relationship with the chemotherapy given 

appears strong, while in others such relation is difficult to establish because of the 
presence of confounding factors (tobacco-use, family history of coronary artery dis
ease). Since coronary artery disease is an endemic, such events may be coincidental 
and unrelated to the chemotherapy. Therefore the discussion whether chemotherapy 
for testicular cancer leads to an increased risk of cardiac events is ongoing and not yet 
elucidated. Recently, we found in 87 long-term survivors that five patients had devel
oped coronary artery disease 9-16 years after chemotherapy, at ages ranging from 30 
to 42 years. Two patients developed a myocardial infarction, which was fatal in one, 
while three patients had angina pectoris. Compared with the back ground male popu
lation in the Netherlands the frequency of coronary artery disease in these long-term 
survivors was increased.62 

Digital vasculature 
The most well-recognized occurrence of chronic small vessel damage in patients 
treated with chemotherapy for testicular cancer is Raynaud's phenomenon (RP). RP is 
a disorder characterized by transient episodes of vasoconstriction of the digital arte
ries, classically presenting with pallor due to ischemia, followed by cyanosis and then 
redness and pain caused by hyperemia as the circulation restores itself.7° Since cold is 
a common provoking factor, particularly in cold climates, RP can be a severe clinical 
problem that influences the quality of life.70 

In 1 977, RP was described in relation to chemotherapy for testicular cancer.71 In 
the first large report, Vogelzang et al. found that 37 % of the patients who had been 
treated either with vinblastine and bleomycin or with the PVB-combination developed 
RP.9 In these patients RP became clinically evident after a median follow-up of 1 0  
months (range, 2-28 months). After a median follow-up of 1 8  months, approximately 
half of the affected patients noticed a gradual resolution of the symptoms, but the 
other half continued to experience RP each winter. In subsequent series with long
term follow-up RP has been reported to persist in 23 to 43%.14

•
1 5

•
66

·
69

·
72

-
75 In the long

term survivors of testicular cancer from our institution 35 % had developed RP, which 
was transient in 10 %, but remained persistent in 25% patients with constant severity 
10 to 20 years after treatment.62 

The fact that RP has been reported in patients who had been treated with 
bleomycin alone,76·77 suggests a causative role of this drug. In addition, in almost all of 
the reported cases of RP following chemotherapy for testicular cancer bleomycin was 
administered. Cisplatin and vinblastine appear to have additive or maybe synergetic 
effects, as is indicated by the higher prevalence of RP found in patients treated with 
PVB compared to patients treated with VB only9 and the higher prevalence in patients 
treated with PVB compared to patients treated with BEP.14 

Similar to the bleomycin-induced endothelial lesions that can be found in the 
lung vasculature, ranging from vacuolization to detachment and necrosis,54 such le
sions may also occur in the digital vasculature and give rise to the development of RP. 
The risk of RP seems especially high in smokers.9 .4°·78 Endothelium that already has 
been injured by tobacco use might be more vulnerable to additional damage induced 
by chemotherapy. In several studies, however, a significant correlation of tobacco-use 
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and the occurrence of RP is lacking.72•74·79 

Pem1e vasculature 
Van Basten et al. reported that patients with RP after chemotherapy for testicular can
cer more often had erectile dysfunction compared with those without RP.80 Although 
erectile dysfunction in these patients can be caused by several mechanisms, the 
authors suggested that angiopathy of the penile arteries might be involved. 

Renal vasculature / hypertension 
Hypertension during long-term follow-up is present in 1 3-29% of the pa
tients.14·15·62·69·73·74·81 Whether these figures are higher than expected has not been 
carefully evaluated so far. In the long-term survivors from our own institution a high 
percentage (39%) was hypertensive, defined as a systolic blood pressure above 150 
mmHg and/ or a diastolic blood pressure above 95 mmHg and/or the use of anti-hy
pertensive medication.62 However, since hypertension is found in the general popula
tion and the incidence rises with age, not all cases of hypertension can be attributed to 
the chemotherapy with certainty. Furthermore, the mechanism underlying the de
velopment of hypertension in these patients is unclear. 

In sporadic cases a renovascular cause was identified. A 3O-year old man de
veloped accelerated hypertension three months after completion of PVB therapy and 
a renal biopsy showed narrowing of the interlobular arteries and fibrin thrombosis in a 
majority of the afferent arterioles.82 In addition, in a 38-year-old man who developed 
hypertension after chemotherapy nonatherosclerotic partial occlusion of the major 
branches of the left renal artery was demonstrated.83 

As mentioned earlier, microalbuminuria was present in 22% of the long-term 
survivors that we have evaluated, reflecting endothelial damage at least present in the 
renal vasculature, but possibly also in other parts of the vascular system.60·62 The pa
tients with microalbuminuria had higher blood pressures than the patients without 
microalbuminuria. However, for the majority of patients that develop hypertension 
after chemotherapy the cause is unclear and might be the consequence of several 
mechanisms. Increased plasma renin and aldosterone levels have been reported in 
normotensive survivors of testicular cancer, but whether these changes in the renin
aldosteron-angiotensine-axis contribute to the development of hypertension in the 
long-term is unclear.84 

Cerebral vasculature 
The occurrence of late cerebrovascular events has been reported rarely. Doll reported 
a 22-year old man who developed a cerebrovascular accident 4 months after cessation 
of the chemotherapy.10 Several large long-term follow-up studies did not report any 
case of cerebrovascular events.1 3•14 In the cancer survivors that we have investigated, 
one patient developed a cerebrovascular event at the age of 41 years, 1 1  years after 
chemotherapy. He had hypertension and hypertriglyceridemia.62 At present it is not 
clear whether a relation exists between the chemotherapy and the occurrence of late 
cerebrovascular events. However, the high incidence of hypertension present in the 
long-term survivors may increase the risk of late cerebrovascular events.85 
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Indirect toxicity 

Several indirect side effects of the chemotherapy can have a chronic damaging effect 
on the cardiovascular system, and may contribute to the development of cardiovas
cular toxicity. 

Metabolic changes 
Hypercholesterolemia is a well-known risk factor for cardiovascular disease. Boyer et 
al. were the first group to notice that hypercholesterolemia was a common finding in 
testicular cancer survivors.73 They found elevated (non-fasting) serum cholesterol lev
els (>5.2. mmol/L) in 20 out of 30 survivors of testicular cancer after a median follow
up of 75 months (range, 48-126 months). Subse9uent prospective studies showed 
that post-treatment cholesterol levels rise in the majority of patients compared with 
pre-treatment levels. 15·16 Such rise may partly be explained by low pre-treatment 
cholesterol levels, possibly due to tumor activity. Low cholesterol levels have been 
reported in relation with tumor activity in several types of cancer, including prostate, 
colon and lung cancer 86-88 and may be due to an increase in the activity of LDL recep
tors.89·90 However, in cured testicular cancer patients, cholesterol levels 4 to 6 years 
after chemotherapy are higher compared to the general population and higher than 
testicular cancer patients treated with orchidectomy only.15 

Berger et al. found 15 to 159 months after chemotherapy (non-fasting) choles
terol levels greater than 6.7 mmol/L in 32% of the patients. Age-stratified comparisons 
with reference groups showed significantly higher cholesterol levels especially in the 
19-29 year old patients.91 We also found hypercholesterolemia ( defined as fasting 
cholesterol level > 5.2 mmol/L or the use of lipid lowering medication) in 79% of the 
investigated survivors 10-20 years after chemotherapy.62 

The cause of the hypercholesterolemia in these patients is unknown. Altera
tions in gonadal function induced by chemotherapy might have an important impact 
on lipid levels.92•93 Elevated levels of the follicle stimulating hormone and the luteini
sing hormone are found in a large percentage of the patients. Particularly the lu
teinising hormone levels rise as a conse9uence of a partial Leydig cell insufficiency, to 
maintain the testosterone levels at a physiological level (comperisated state) but this 
mechanism fails in some patients (decompensated state) resulting in hypogonadism.94 
Hypogonadism is known to be associated with elevated serum levels of total choles
terol, LDL cholesterol, and triglycerides, although the exact mechanism is unknown.95 

Obesity is another factor that may influence the development of cardiovascular 
disease. It is an independent cardiovascular risk-factor as recently once again was 
demonstrated.96 Gietema et al. reported that the mean body mass index for all pa
tients 4-6 years after chemotherapy was 2.8% higher than expected but returned to 
normal 7 to 10 years after chemotherapy.1 5  

We recently found in 21 % of the long-term survivors insulin resistance as 
measured by an increased insulin-to-glucose ratio. In some of these patients this insu
lin resistance might be related to lowered testosterone levels as a conse9uence of go
nadal toxicity.97 Furthermore, 22% of these patients had an increased urinary albumin 
excretion (microalbuminuria),62 which is considered as an utterance of endothelial 
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dysfunction and an independent risk-factor for cardiovascular morbidity.61·98 The com
bination of obesity, microalbuminuria, hypertension, insulin resistance and dyslipide
mia suggests the presence of a metabolic syndrome-X-like state99 in some of these 
patients. The development of these unfavorable risk-factors and metabolic alterations 
may have an important indirect impact on the development of cardiovascular disease 
in the long-term. 

Survivors of metastatic lymphomas 

Hodgkin s disease (HD) 

After the introduction of successful chemotherapy and radiotherapy regimens, the 
treatment of HD has changed dramatically. Radiotherapy is curative for localized HD 
and advanced HD can be cured by chemotherapy. Depending on the stage of  the dis
ease, patients may be treated with radiotherapy alone, with chemotherapy alone or 
with a combination of them. Currently, long-term disease free survival rates range 
from 75% in advanced stages to 90 % in early stages of the disease. The tumor can oc
cur at any age, however a peak incidence exists between 20 and 40 years and above 60 
years of age.100 In young survivors, the possible long-term consequences of treatment 
are of particular concern.101 

Chemotherapy regimens 
Since its introduction in 1970, the MOPP-regimen (mechlorethamine, vincristine, pro
carbazine, and prednisone) has been the standard chemotherapy for Hodgkin's dis
ease.102 The development of second malignancies as a late complication of this che
motherapy combination has restricted its use in recent years. For that reason other 
regimens were developed notably ABVD (doxorubicin, bleomycin, vinblastine, and 
dacarbazine) schedule.103 Other combinations have used doxorubicin analogues such 
as epirubicin or mitoxantrone, mainly to reduce the risk of cardiotoxicity. Com
bination regimens such as the alternating MOPP/ABVD and the MOPP/ABV hybrid 
regimen are also current standard programs. 

Non-Hodgkin s lymphoma (NHL) 

The development of curative combination chemotherapy for patients with advanced 
stage of NHL has been another major success of cancer therapy in recent decades. 
Chemotherapy regimens 
For patients with advanced intermediate-grade or high-grade NHL the cyclophos
phamide, doxorubicin, vincristine, and prednisone (CHOP)-regimen is considered the 
standard therapy.1 04 With chemotherapy only, most patients with localized disease 
(stage I or II) can be cured, and 30-40% of patients with advanced disease (stage Ill or 
IV).105 Recognizing the need to improve these results, new and more complex regi
mens were developed in the 198Os such as the methotrexate, leucovorin, bleomycin, 
doxorubicin, cyclophosphamide, vincristine and dexamethasone (M-BACOD)-com
bination and the methotrexate, leucovorin, doxorubicin, cyclophosphamide, vincris-
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tine, prednisone, and bleomycin (MACOP-B)-combination. However, after the land
mark phase Ill trial published by Fisher et al. in which several regimens were com
pared, most oncologists use CHOP as their gold standard for newly diagnosed pa
tients with aggressive NHL.1 04 The success of the chemotherapy in the treatment of 
lymphomas has resulted in a growing number of long-term survivors. 

The study of long-term conse9uences of the chemotherapy in NHL is more 
complicated compared to survivors of HD, because the peak incidence of NHL is 
above 40 years of age and for several subtypes even above 60 years of age. 106 As the 
incidence of cardiovascular morbidity increases above 50 years of age, it is more diffi
cult to establish whether cardiovascular morbidity occurring during the follow-up, is 
the result of chemotherapy or the conse9uence of aging. Compared to the multitude 
of studies on long-term conse9uences of treatment in survivors of HD, the lit�rature 
about long-term conse9uences of therapy in NHL is limited. 

Acute cardiovascular toxicity 

Myocardial toxicity 
Anthracyclines are fre9uently used nowadays as part of the cytostatic treatment of 
both HD and NHL. Although the initial anthracycline-induced damage to the myocytes 
probably occurs shortly after its administration, overt heart failure presents usually 
weeks, months or years after chemotherapy. Therefore this phenomenon will be dis
cussed further in the section on late cardiovascular toxicity. Acute cardiotoxic effects 
that can occur during or shortly (within hours) after administration of anthracyclines 
include ECG changes (such as non-specific ST and T-wave changes, decreased QRS 
voltage, and prolongation of the QT interval) and rhythm disturbances (such as sinus 
tachycardia, and supraventricular arrhythmias).1 07 These changes appear of minor 
clinical relevance as they rarely happen with current treatment regimens and do not 
predict chronic cardiotoxicity.1 

The other agent that can cause acute cardiotoxicity is cyclophosphamide, which 
is mainly cardiotoxic at high doses, such as those used before bone marrow or stem 
cell transplantation. The reported cardiotoxicity ranges from transient ECG changes 
and asymptomatic increases of serum levels of cardiac enzymes to more severe cardi
otoxicity such as exudative pericardia! effusion, ventricular hypertrophy and fatal 
myopericarditis and (hemorrhagic) myocardial necrosis. 1 08

·
1 1 0  The onset of the latter 

types of cardiotoxicity is acute with death within 15 days. The cardiotoxic effects of 
cyclophosphamide can probably partly be explained by the damage to the endothe
lium of the myocardial capillaries with resultant increase in permeability and ex
travazation of plasma, red blood cells and toxic metabolites.1 1 1  This in turn can cause 
myocyte damage and interstitial hemorrhage and edema. The cardiotoxicity of cyclo
phosphamide may be potentiated by anthracycline administration. 1 1 2

·
1 1 3  Various cases 

of high-dose cyclophosphamide associated acute cardiotoxicity in NHL and HD pa
tients have been reported, 1 1 4·1 1 5  but the exact incidence of this problem is not known. 
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Although rarely, a number of patients have been described who developed acute 
myocardial infarctions during or shortly after chemotherapy for both HD and 
NHL.1 1 6·1 1 7  In these reports the cause of these events is attributed to the administra
tion of vinca alkaloids (vincristine or vinblastine). The mechanism by which chemo
therapy, specifically vinca alkaloids cause myocardial infarctions is speculative. Sug
gested mechanisms include the inducement of a hypercoagulable diathesis, and the 
occurrence of coronary artery spasms. Possibly vinca alkaloids or one of the other 
chemotherapeutic compounds given produce cellular hypoxia predisposing the vessel 
to spasm. Alternatively, a combination of neural, vascular, and thrombotic events may 
be involved. 1 1 7 

Other vascular events 
There are at least two other manifestations of acute vascular toxicity associated with 
chemotherapy for lymphomas. As discussed earlier, bleomycin-containing regimens 
bear the risk of inducing bleomycin pneumonitis, which is thought to be a result of 
damage to the endothelium in the lung vasculature. Hirsch et al. reported a decline of 
the pulmonary function tests in 22 of 60 (37%) patients with HD after completion of 
six cycles of ABVD. Particularly the forced vital capacity and the diffusing capacity of 
carbon monoxide were significantly reduced compared to the pre-treatment values. 1 1 8  

Another manifestation of acute vascular toxicity may be the thromboembolic 
events that occur during chemotherapy. Of the 177 HD patients evaluated by Seifter 
et al., seven experienced thrombotic events in lower (2) or upper extremities (5) 
during chemotherapy (MOPP or MOPP/ABVD).1 1 9 Particularly the uncommon high 
proportion of upper extremity thrombosis suggests chemotherapy-induced acute 
vascular toxicity that results in a hypercoagulable state, although tumor activity as the 
cause of these events can not be excluded. Other indications for an association of 
chemotherapy with thromboembolic events were reported by Clarke et al. who evalu
ated 85 NHL patients. While thromboembolic events occurred in 4 of the 11 NHL pa
tients who had received weekly chemotherapy, this was not the case in patients 
treated with less intensive schedules.1 2

0 

Late cardiovascular toxicity 

Myocardial toxicity 
Of the agents used in the treatment for HD and NHL, anthracyclines are the most im
portant ones in causing direct injury to the myocardium. The exact mechanism how 
anthracyclines affect the myocardium is not fully elucidated, but the formation of free 
radicals, and calcium overload in the myocytes play an important role.1 06 These pro
cesses lead to patchy myocyte damage, starting with myofibrillar loss, swelling and 
disruption of mitochondria and the sarcoplasmatic reticulum leading to intramyocyte 
vacuolization and eventually myocyte death. As a consequence, cardiomyopathy de-
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velops which can result in congestive heart failure (CHF).1 However, since the heart 
has considerable compensatory reserves, a long time may elapse before CHF becomes 
manifest, if at all. 

Anthracycline-induced CHF can occu'r weeks, months or many years after ad
ministration, but the majority of cases presents within one year.2 The risk of inducing 
late anthracycline cardiotoxicity strongly increases with the cumulative dosage given, 
but a wide variation exists in interindividual susceptibility for anthracycline cardio
toxicity. In the landmark study by Von Hoff total doses of doxorubicin of 400 mg/m2 

body surface area were associated with an incidence of CHF less than 2%, while this 
incidence increases to 7% at a dose of 550 mg/m2, and to 18% at a dose of 700 
mg/m2 .2 However, since the mean time of observation was limited (581 days) these 
incidence rates might not reflect the long-term risk. 

In long-term follow-up studies in survivors of childhood cancer, incidences of 
subclinical cardiotoxicity in 23% up to approximately 60% have been reported, in
creasing with the length of follow-up duration.3

•
33 In addition, cases of CHF presenting 

many years after treatment have been reported in both children and adults.4·1 21 Since a 
young age (particularly younger than 4 years) is an additional risk-factor for the devel
opment of anthracycline cardiotoxicity, 1 22 these figures can not precisely be extrapo
lated to adults, but they illustrate that the risk of CHF continues long after treatment. 

Although high-dose cyclophosphamide can cause acute cardiotoxcity, late car
diotoxicity in the first year after high-dose chemotherapy and bone marrow-trans
plantation seems exceptional, as was recently described by Ghielmini et al .. 1 23 How
ever, longer follow-up is needed to exclude long-term cardiotoxicity with certainty. 

Hodgkin 's Disease 
In contrast to the abundant data detailing the long-term risks of cardiac damage in
duced by radiotherapy, there are only a few studies that focus on the long-term risk of 
chemotherapy-induced cardiotoxicity. Since a large proportion of patients is treated 
with mediastinal irradiation plus chemotherapy, the exact risk of anthracycline-cardio
toxicity is difficult to determine. The successful development of the ABVD regimen 
has raised concerns about the occurrence of anthracycline-induced cardiac injury in 
long-term survivors. However, in most treatment protocols the cumulative dose of 
doxorubicin is 300 mg/m2 or less, which carries a low probability of CHF. 

Santoro et al. evaluated the seven-year results of 232 HD patients treated with 
radiotherapy and either M OPP or ABVD chemotherapy. Only one patient died of con
gestive heart failure that might have been related to the administration of doxorubicin 
(293 mg/m2), although radiotherapy was more likely the main cause. In 50 young pa
tients (mean age 32 years) in complete remission for more than 5 years, evaluation by 
both echocardiography and MUGA-scans revealed a similar mean left ventricular ejec
tion fraction (LVEF) in the ABVD and MOPP group, but the mean end-diastolic left 
ventricular diameter was higher in the ABVD group.1 24 Also in a large series in which 
415 patients were treated with two different MOPP/ABVD regimens followed by ra
diotherapy, cardiac failure was not reported as a cause of death. Three patients died of 
a myocardial infarction, but there was no definitive evidence that this was related to 
the administered treatment. 1 25 So a cumulative dose of doxorubicin of less than 300 
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mg/m2 does not appear to induce a high risk of developing CHF, however, the possi
bility of mild anthracycline cardiotoxicity has not been evaluated ade9uately. 

To determine the precise effect of chemotherapy on the cardiac function, pro
spective monitoring is needed. Few studies have been published so far. In a small 
study in 24 patients with a median follow-up of 6.3 years after MOPP/ABVD or ABVD 
(mean cumulative dose doxorubicin 233 mg/m2

) combined with radiotherapy Sal
loum et al. found only one patient with an abnormal LVEF. Although for the whole 
group of patients a significant decrease was found of 4.7% absolute EF units compared 
with pre-treatment values, this did not result in cardiac symptoms.1 26 Aviles et al. ana
lyzed the cardiac function in 136 patients 5 to 8 years after either ABVD (median dose 
doxorubicin 475 mg/m2) or epirubicin-BVD (median dose epirubicin 410 mg/m2) or 
mitoxantrone-BVD (median dose mitoxantrone 1 25 mg/m2

) .  Cardiac toxicity, defined 
as an LVEF less than 45% or a decrease of LVEF by more than 15 % of the pre
treatment levels, was found in 51 patients (37%). Ten of these patients developed 
non-fatal cardiac failure. 1 27 As expected, higher doses of anthracyclines resulted in a 
higher risk of cardiomyopathy. 

Non-Hodgkin 's Lymphoma 
In the CHOP regimen the cumulative dose of doxorubicin is 400- 500 mg/m2 and 
therefore the expected incidence of anthracycline induced CHF will be higher com
pared to the regimens given for HD. In a recent study by Miller et al. left ventricular 
dysfunction ( defined as clinical symptoms of CHF or as a decrease of more than 20% in 
the LVEF) was found in 7 of 201 patients treated with 8 cycles of CHOP (cumulative 
dose doxorubicin 400 mg/m2) while in the group treated with 3 cycles combined with 
radiotherapy none of 200 patients developed left ventricular dysfunction. 105 Seven 
patients treated with 8 cycles of CHOP but only two treated with 3 cycles of CHOP 
plus radiotherapy subse9uently died of apparent heart disease. 

Haddy et al. studied 103 young survivors treated with four different regimens 
(doxorubicin containing and non-containing) with a follow-up up to 20 years. In eight 
of 57 patients (doxorubicin doses greater than 200 mg/m2

) echocardiographically de
termined left ventricular dysfunction was identified. Four were symptomatic of whom 
two needed cardiac medication, while the other four were asymptomatic. 1 28 In older 
patients late cardiotoxicity can also occur as was described by Freter et al.1 29 in a re
port on a 60-year old woman who developed CHF seven years after CHOP .with a cu
mulative dose of doxorubicin of 450 mg/m2• Cardiac biopsy specimens showed ab
normalities characteristic for anthracycline-cardiotoxicity. However, the incidence of 
anthracycline-induced CHF in older patients with NHL is probably underreported in 
the literature, because cardiac events occurring at an old age are much less likely to be 
reported and ascribed to chemotherapy compared to such events occurring in young 
patients. 

Irradiation of the heart may contribute to the risk of anthracycline-induced 
CHF. 3

·
1 30 So far, follow-up studies of cardiac function in HD patients who received 

combined modality treatment including anthracycline-containing chemotherapy have 
not shown an increased risk of clinical cardiomyopathy.1 24

·
1 3 1

"
1 32 However, further fol

low-up is necessary to determine this risk in the long-term. 
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Vascular toxicity 

Reports on late vascular toxicity associated with chemotherapy alone for lymphomas 
are limited. In contrast to the use of bleomycin in chemotherapy for testicular cancer, 
the use of bleomycin in the ABVD regimen does not appear to result in utterances of 
vascular toxicity, such as Raynaud's phenomenon. This might be due to the lower total 
dose of bleomycin used in the ABVD regimen (120 mg/m2) compared to the total 
dose used in chemotherapy regimens for testicular cancer (approximately 180 
mg/m2) or to the absence of toxicity amplifying drugs. As has been discussed in the 
section late vascular toxicity in germ cell cancer, bleomycin is considered to be the 
causative agent, although vinca-alkaloids or cisplatin can amplify this toxicity. 

Coronary vasculature 
In long-term survivors of HD, damage to the coronary arteries seems to be caused 
mainly by radiotherapy. Mediastinal irradiation is known to affect different compo
nents of the heart including coronary ar,teries. 1 33 In a large series with 2232 HD pa
tients with a mean follow-up of 9.5 years after treatment, Hancock et al. reported that 
mediastinal radiotherapy resulted in a 3.2 fold increased risk of death from myocardial 
infarction compared to the general population, probably due to the development of 
premature coronary artery atherosclerosis.1 34 This and other large follow-up se
ries 1 35·1 36 were unable to find an association between chemotherapy and death from 
myocardial infarction, suggesting that chemotherapy alone does not affect the coro
nary arteries directly. Since cardiac deaths were end points in these trials, risk of coro
nary artery disease might be under estimated and therefore not detected. 

Pulmonary vasculature 
A manifestation of vascular toxicity reported in association with HD and its treatment 
is pulmonary veno-occlusive disease (PVOD). PVOD is a rare cause of pulmonary hy
pertension of unknown aetiology.137 The diagnosis is usually made by histological ex
amination of lung tissue obtained either at open lung biopsy or at necropsy. Such ex
amination characteristically reveals occlusion of pulmonary veins and venules by loose 
fibrous material or collagen-rich connective tissue. Several cases of PVOD occurring 

. after chemotherapy have been described, including cases of lymphomas treated with 
MOPP and COPP respectively.138 In the latter case there was a 10-year interval be
tween the administration of chemotherapy and the onset of PVOD. PVOD has also 
been reported in two patients with lymphocytic lymphomas treated with bleomycin 
and prednisone.1 39 Although the number of cases in the literature is limited, this may 
be due to the failure to recognize this complication.139 

Indirect toxicity 

Gonadal dysfunction is a well-known complication of cytostatic treatment of HD, par
ticularly after regimens containing alkylating agents. The destruction of germ cells in 
women can result in loss of steroid producing cells, which in turn causes reduction of 
circulating serum estrogen levels and an increase in serum LH and FSH levels. 1 01 Fe-
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male patients over the age of 40 at the time of chemotherapy frequently wi l l  have a 
premature menopause, whi le most patients under the age of 30 wi l l  remain  ferti le and 
eventua l ly  have return of normal menses. The incidence of coronary artery d isease in 
the general popu lation is low i n  premenopausal women, an·d r ises in postmenopausal 
women. 1 40 This is  probably due to a decrease i n  ci rculating estrogen levels that have a 
protective effect on the cardiovascular system and to the occurrence of an  u nfavor
ab le l ip id profi le .141 These latter changes are considered to be atherogenic and to con
tribute to the increased risk of coronary artery disease. The adverse effects of meno
pause on serum l ipid levels are reversed by estrogen hormone replacement therapy, 
which is a lso associated with the reduction of coronary heart d isease.142 Bi lateral 
oophorectomy in premenopausal  women has been shown to result i nto u nfavorable 
changes i n  l ip id levels such as a rise in l ipoprotein (a), apoprotein-B, LDL-cholesterol 
and total cholesterol and a decrease in HDL-cholesterol . 1 43-1 45 Simi lar  to surgical cas
tration, chemical castration of the ovaries can result in  comparable u nfavorable 
changes in the l ip id profi le. Therefore, it is plausible that chemotherapy induced pre
mature menopause a lso increases the risk of premature atherosclerosis. 

In contrast to other regimens the MOPP regimen induces azoospermia in  the 
majority of male patients. This azoospermia is also accompanied by elevations of se
rum LH and particu larly FSH levels, indicating Leydig cell damage. These conse
quences of gonadal dysfunction in males may a lso have a detrimental effect on the 
serum l ip id levels. However, l ipid levels in long-term survivors of lymphomas have 
hardly been studied. Munker et a l .  found that serum tota l cholesterol and triglycerides 
levels of 1 55 patients with Hodgkin 's d isease in compete remission for a mean dura
tion of 5.7 years, did not differ from the general German population. 1 46 To make sure 
that chemotherapy in survivors of lymphomas indeed does not effect the l ip id levels, 
these find ings should be confirmed in other studies with control groups. Until then an 
unfavorable l ip id profi le resulting from direct gonada l  toxicity should be considered as 
a potential hazard for cardiac d isease after chemotherapy in young lymphoma survi
vors. 

CARDIOVASCULAR TOXICITY AFTER ADJUVANT CHEMOTHERAPY 

Breast cancer 

Apart from surgery and rad iotherapy, adjuvant chemotherapy nowadays plays an es
sential role in the treatment of high risk breast cancer.34 Whereas single-agent adju
vant chemotherapy genera l ly has a marginal effect on surviva l ,  combination chemo
therapy has shown to be more successfu l .  One of the most widely used combinations 
is  the 'cyclophosphamide, methotrexate, 5-fl uorouracil ' (CMF)-combination which 
was introduced in the 1 970s.147 The use of anthracycl ines in adjuvant combination 
chemotherapy has been shown further to reduce the recurrence rate and to improve 
the survival . 1 7  Anthracycl ine conta ining combinations currently used or eval uated in
clude cyclophosphamide, doxorubicin, 5-fl uorouracil (CAF),1 48 doxorubicin, cyclo
phosphamide (AC) 1 49 and 5-fluorouracil , epirubicin and cyclophosphamide (FEC). 1 8

·1 50 
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Acute cardiovascular toxicity 

Myocardial toxicity 

Anthracyclines can cause direct damage to the myocardium, but the clinical manifes
tation of this myocardial damage usually becomes manifest after cessation of the 
chemotherapy and will be further discussed in the next section. The clinically less rele
vant acute effects of anthracyclines have been discussed earlier. 5-Fluorouracil also 
appears to have direct toxic effects on the myocardium, although toxic effects on the 
coronary arteries probably are the main pathogenetic factor. Necropsy findings in hu
mans who died from fatal myocardial infarction or cardiogenic shock after 5-fluor
ouracil therapy, showed patchy myocardial necrosis and mononuclear inflammation 
unrelated to the distribution of the coronary arteries. 1 51 A direct interference of 5-
fluorouracil with the myocardial cell metabolism leading to cellular hypoxia has been 
suggested from a study with an isolated perfused rat heart model. 1 52 In addition, cases 
of dilative cardiomyopathy, and congestive heart failure have been reported after 5-
fluorouracil treatment, suggesting also a direct toxic effect on the myocardium.1 53.1 57 

Cyclophosphamide, used in most adjuvant regimens for breast cancer is mainly 
cardiotoxic at high doses, such as used before bone marrow or stem cell transplanta
tion as was discussed in the section on lymphomas. Several cases of cyclophospha
mide related fatal cardiotoxicity have been described during high-dose chemotherapy 
for breast cancer. 1 08·1 1 0  There are no indications that the agent methotrexate has toxic 
effects on the myocardium. 

Vascular toxicity 

Cardiovascular events 
Of the agents used in adjuvant chemotherapy combinations for breast cancer, proba
bly only 5-_fluorouracil has toxic effects on the coronary arteries. The most common 
clinical manifestation of 5-Auorouracil associated cardiovascular toxicity is angina-like 
chest pain, but cases of myocardial infarction and cardiogenic shock have also been 
reported.32.1 58 Most incidents occur during or within -several hours up to days after 
starting 5-fluorouracil treatment. The main pathogenetic factor for these acute car
diovascular events is probably the occurrence of coronary vasospasm, which assump
tion is based on the characteristic clinical and electrocardiographic presentation of 
reversible ischemia without intraluminal obstruction of the coronary arteries.1 59 How
ever, endothelial cell damage and consequent thrombus formation may play a role. 1 60 

Cardiovascular toxicity seems more common in patients treated with high-dose con
tinuous infusion. 1 59 A clear relation with the cumulative dose 5-fluorouracil adminis
tered has not been identified.1 57 Previous or current radiation involving the heart has 
also been proposed as a risk factor for the development of 5-fluorouracil-associated 
cardiotoxicity, particularly as 5-Auorouracil possesses radiosensitising properties, 1 6 1 

Although cases of 5-fluorouracil related cardiovascular toxicity also have been re
ported during adjuvant chemotherapy for breast cancer,1 62 the precise incidence is 
uncertain. 
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The cardiotoxic effects of cyclophosphamide probably result from direct ef
fects on the myocardial capillaries. Effects on the coronary arteries do not seem to be 
involved, although such effects can not be fully excluded. There are no indications that 
the agent methotrexate has adverse effects on the cardiovascular system. 

Other vascular events 
As was mentioned earlier in the sectior)s on testicular cancer and lymphomas, throm
boembolic events during chemotherapy may be the result of acute vascular toxicity. 
Levine et al. reported an incidence of thromboembolic events of 6.8% during adjuvant 
chemotherapy for stage II breast cancer, while no events occurred after completion of 
chemotherapy (median follow-up duration 20 months).1 63 Comparable results were 
reported by Weiss et al. who found an incidence rate of thromboembolic events of 
4.2 to 7.2% in stage II breast cancer patients treated with different adjuvant chemo
therapy schedules. 1 64 

Thromboembolic events occurring during adjuvant chemotherapy are not likely 
to be caused by tumor activity, and therefore a causal relation with the chemotherapy 
appears ·strong. Direct damage to endothelial cells resulting in a hypercoagulable state 
may cause these events. 165 

Late cardiovascular toxicity 

Myocardial toxicity 

As discussed earlier anthracyclines are well-known for their myocardial damage, re
sulting in cardiomyopathy with left ventricular dysfunction, which can lead to conges
tive heart failure (CHF). The most important factor determining the risk of late CHF is 
the cumulative dose of the anthracyclines given. In most adjuvant regimens this cu
mulative dose is kept rather low, below the 'safe threshold value' of 450-550 mg/m2 

for doxorubicin and 900-1000 mg/m2 for epirubicin. 
Buzdar et al. reported that, after a median follow-up duration of 68 months the 

incidence of doxorubicin-associated CHF was 1 % (five out of 534 patients) in the FAC 
regimen when a cumulative dose of 300 mg/m2 was used.1 66 The in.cidence increased 
to 4% (five out of 134 patients) when a cumulative dose of 450 mg/m2 was adminis
tered. The longest interval from the end of the doxorubicin therapy to the develop
ment of CHF was 33 months. In a group of 1492 breast cancer patients treated with 
the AC combination (cumulative dose doxorubicin 240 mg/m2) only 0.2% asympto
matic and 0.1 % symptomatic cardiac dysfunction was reported and no cardiac death 
after a follow-up duration of 3 years.149 The elevated risk of cardiac failure with in
creasing cumulative dose of doxorubicin was also demonstrated in a recent trial by 
Shapiro et al. in which breast cancer patients received either five or 10 cycles AC, re
sulting in a cumulative dose doxorubicin of 225 and 450 mg/m2 respectively. In con
trast to the ACS regimen, the AC10 regimen showed an 3.6 fold increased risk of car
diac events (CHF and myocardial infarctions) compared with the general population 
(Framingham Heart Study data). 167 Adjuvant regimens that contain the less cardiotoxic 
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anthracycline analogue epirubicin result in low incidence rates of CHF. Coombes et al. 
reported in a randomized trial of FEC versus CMF in premenopausal women, only one 
case of non-fatal CHF out of 380 patients treated with the FEC regimen (cumulative 
dose epirubicin 300-400 mg/m2) after a median follow-up duration of 4.5 years. 1 50 In 
another randomized trial with higher cumulative ,doses of epirubicin (mean 608 
mg/m2) no case of CHF was reported in 351 patients treated with FEC after a median 
follow-up of 59 months. 18 

In the above mentioned studies the description of cardiotoxicity is mainly 
based on patient records so these studies could underestimate the incidence of mild 
cardiac dysfunction which can only be established by careful cardiac monitoring and 
longer follow-up. An interesting study in this respect was recently presented by Gianni 
et al. concerning a randomized trial of adjuvant CMF with or without doxorubicin (75 
mg/m2 per cycle) in 1000 breast cancer patients.1 68 A subset of 329 patients who were 
continuously disease free for a median of 1 0.8 (5-14.6) years, underwent cardiac 
evaluation including echocardiography. Of these patients 1 50 had received CMF alone 
and 1 79 CMF plus doxorubicin (median cumulative dose of 294 mg/m2) .  While the 
incidence of CHF for both treatment groups did not differ, the incidence of left ven
tricular dysfunction, defined as pathological or borderline LVEF, was 7.9% in the an
thracycline treated patients vs. 0.7% in the patients treated with CMF alone.1 68 

Whether patients with subclinical left ventricular dysfunction eventually develop CHF 
is uncertain and can only be established by further follow-up. 

Although both 5-fluorouracil and cyclophosphamide might have chronic ad
verse effects on the myocardium in individual patients, this appears to be rare with the 
adjuvant regimens used for breast cancer. 

Vascular toxicity 

To our knowledge none of the agents used in adjuvant combination chemotherapy for 
breast cancer appears to cause significant chronic damage to any part of the vascular 
system. Also, the acute toxic effects of 5-fluorouracil on the coronary arteries do not 
seem to result in chronic coronary artery disease.32 

Adjuvant radiotherapy 

Whether irradiation of the mediastinum and / or chestwall further increases the risk of 
late cardiotoxicity is a point of discussion complicated by the changes in cumulative 
radiation dosages and in radiation fields, resulting from modern irradiation techni9ues. 
Initially, a meta-analysis showed an excess of late deaths among women who received 
postoperative radiotherapy compared with those treated with surgery alone. 1 69 How
ever, a subse9uent meta-analysis did not detect a difference in overall mortality, 1 70 

although analysis of cause-specific mortality showed an excess of late cardiac death 
among irradiated patients. A causal relationship between irradiation and death from 
myocardial infarction is also suggested when the differences in cardiac mortality after 
left-sided breast cancer and after right-sided breast cancer are taken into account.1 71 

Whether the difference is related to damaging the myocardium directly or indirectly 
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by damaging the left anterior coronary artery has not yet been elucidated. 1 72 Using 
modern breast irradiation, small daily fractions and CT-based field arrangements, no 
increased long-term risk of cardiac mortality was found. 173 

Moreover, recently H0jris et al. could not detect a difference in morbidity nor 
mortality from ischemic heart disease between surgery and surgery plus radiotherapy 
over a median follow-up of 10 years (0.9% vs. 0.8%).1 74 Nowadays, most premeno
pausal and menopausal patients are treated with a combination of chemotherapy and 
radiotherapy. Evaluating the interaction between both adjuvant treatments, H0jris et 
al. did not find a difference in the rate of ischemic heart disease whether or not radio
therapy was combined with CMF or with tamoxifen.1 74 

Late cardiotoxicity of the combination of radiotherapy with anthracycline based 
chemotherapy seems to be more pronounced. Valagussa et al. reported after a me
dian follow-up duration of 7 years an overall incidence of 0.8% CHF among 501 breast 
cancer patients treated with cumulative doses of doxorubicin of 300 mg/m2 . 1 75 In a 
subset of 116 patients with left-sided breast cancers treated with concurrent breast 
radiation, the incidence of CHF increased to 2.6%, while CHF was not observed in pa
tients with right-sided breast cancers nor in those treated with non-anthracycline
containing chemotherapy regimens. In addition, Shapiro et al. found that the increased 
r.isk of cardiotoxicity associated with higher cumulative doses of doxorubicin applied 
especially to patients who were treated with higher dose-volumes of radiotherapy to 
th·e left-side of the chest-wall. 167 However, since others have not detected increased 
cardiotoxicity in breast cancer patients treated with radiotherapy and doxorubicin 
compared to those treated with doxorubicin alone,176 this possible amplifying effect of 
radiotherapy on the risk of anthracycline cardiotoxicity needs further study. 

Indirect toxicity . 

As for survivors of testicular cancer and lymphomas, gonadal dysfunction is a fre9uent 
side effect of adjuvant chemotherapy given to premenopausal breast cancer patients. 
In adjuvant regimens for breast cancer, the alkylating agent cyclophosphamide is most 
commonly associated with ovarian damage. Based on a recent literature review, Bines 
et al. found that the average incidence of chemotherapy related amenorrhea for CMF
based regimens is 40% for women younger than 40 years of age and increases to 76% 
for those over 40 years of age. 1 77 The incidence for other adjuvant regimens is not 
well established, but according to the experience of the authors of this review, the AC 
regimen results in a lower rate of amenorrhoea (34%). As was discussed in previous 
sections, chemotherapy-induced premature menopause may increase the risk of car
diovascular disease partly due to the occurrence of unfavorable changes in the lipid 
profile. 

Saarto et al. studied the effect of ovarian failure one year after CMF chemo
therapy on the lipid profile in 57 patients who were premenopausal before treat
ment.1 78 In 24 (42%) patients who subse9uently developed amenorrhea, the· serum 
total cholesterol, the LDL cholesterol and the apolipoprotein B level increased by 
15%, 18% and 12 %, respectively. However, a favorable effect on the HDL cholesterol 
level was observed, namely an increase by 15%. Similar but less pronounced changes 
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in the lipid profile were observed in the patients who developed irregular menstrua
tion, whereas the patients who maintained regular menstruation without hormonal 
changes did not show these changes in lipid profile. 
The effect of these changes might in the long-term increase the risk of cardiovascular 
disease. 

The unfavorable changes in the lipid profile seems to be reversed in patients 
who receive the estrogen antagonist tamoxifen. Fallo.wing adjuvant chemotherapy 
treatment, nowadays many breast cancer patients are additionally treated, for periods 
of 2-5 years. Tamoxifen has effec;:ts on serum lipoprotein levels which resemble those 
of estrogens. Tamoxifen persistenly lowers serum levels of total cholesterol, LDL 
cholesterol, and lipoprotein (a). 1 79'180 Such tamoxifen-induced favorable changes in the 
lipid profile may explain the observed reduction in cardiovascular morbidity associ
ated with tamoxifen use. 181 ·1 82 On the other hand, some studies have reported an in
crease in serum triglycerides by 20-30%,183

·
184 which in rare cases can lead to severe 

hypertriglyceridemia with fatal conse9uences including pancreatitis and multiorgan 
failure.1 85

.
1 87 However, the net effect of tamoxifen on lipid levels is advantageous in the 

majority of breast cancer patients, thereby probably lowering the risk of cardiovascular 
morbidity. 

Colorectal cancer 

Over the last two decades the use of adjuvant 5-fluorouracil based chemotherapy in 
the treatment of high-risk colorectal cancer has been shown to improve local control 
and survival.1 88·1 89 5-Fluorouracil is given alone or in combination with various agents 
including folinic acid or levamisole. 

Acute cardiovascular toxicity 

Myocardial toxicity 

Of the agents used in the adjuvant chemotherapy for colorectal cancer only 5-fluoro
uracil is known to have toxic effects on the cardiovascular system ( v.s. under breast 
cancer). The literature about cardiotoxicity in colorectal cancer patients treated with 
5-fluorouracil based chemotherapy in the adjuvant setting is limited. In a small pro
spective study, Grandi et al. evaluated the cardiac function of 16 patients who were 
treated with 6 cycles of 5-fluorouracil 400 mg/m2, and folinic acid 20 mg/m2 . Systolic 
parameters such as the peak lengthening rate of the left ventricular diameter and the 
peak thinning rate of left ventricular posterior wall, were decreased at the end of 
treatment, but 6 months after treatment they returned to normal values and were 
similar to pre-treatment levels. It is not clear how these results should be interpreted, 
but they possibly reflect slight, reversible myocardial toxicity.1 90 In addition, a case of 
reversible cardiac dysfunction with pulmonary congestion during 5-fluorouracil che
motherapy has been reported, also suggesting acute myocardial toxicity. 1 55 
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Schober et al. studied the occurrence of 5-fluorouracil related cardiovascular toxicity 
in 390 patients treated for colorectal cancer.1 55 Cardiovascular toxicity presented in 
eight patients as angina pectoris and one patient who developed a fatal myocardial 
infarction. All but one patient had a history of cardiac or vascular morbidity, suggesting 
an increased risk for such patients. 

Other vascular events 
A rare case of Raynaud's phenomenon after 5-fluorouracil treatment for rectal cancer 
has been described in a 58 year old man. 191 After 7 cycles he developed severe Ray
naud's phenomenon with digital ischemia and the development of a digital infarct. 
Nailfold microscopy revealed abnormal capillaries. This indicates that 5-fluorouracil 
besides effects on the cardiac vasculature, can cause also toxicity in other parts of the 
vascular system. 

Late cardiovascular toxicity 

The clinical prognosis of 5-fluorouracil cardiotoxicity is usually good, with most clinical 
symptoms, electrocardiographic or echocardiographic alterations being fully re
versible. The mean resolution time of symptoms ranges from minutes up to 2 days. 
Once recovered, there appear to be no late se9uelae after most incidents.32  However, 
this needs further follow-up, especially in those patients that have experienced severe 
cardiovascular toxicity. 

Indirect toxicity 

5-fluorouracil-based chemotherapy for colorectal cancer seems not to result in sig
nificant indirect toxicity that contributes to long-term cardiovascular morbidity. 

DISCUSSION 

As a conse9uence of the successful use of chemotherapy in the treatment of curable 
neoplasms like germ cell tumors and malignant lymphomas, and the increasing appli
cation of neoadjuvant and adjuvant chemotherapy for various tumor types, the num
ber of patients with a normal life expectancy after treatment is rising. Attention for 
long-term side effects is therefore of growing importance. This attention is also 
stimulated by studies in survivors of childhood cancer which have shown a worrisome 
high incidence of late cardiovascular toxicity after anthracycline therapy.3

.
4

,
3 3  In addi

tion, the incidence of cardiovascular toxicity in these survivors is increasing with 
longer follow-up duration. The same may apply for adults, however, the number of 
well-designed studies on the risk of late cardiovascular toxicity in adults is limited. 
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Most reports on this issue are hampered by the insensitive end point cardiac mortality 
and with limited follow-up duration, so the full impact of the problem may be un
derestimated. 

Cardiotoxicity not only refers to patients that already have developed clinical 
symptoms of cardiotoxicity such as heart failure or who have died from it, but also to 
subclinical cardiotoxicity that may become clinical manifest in later stage. Cardiotox
icity of regimens should therefore be determined through baseline evaluation (before 
chemotherapy) and subse9uent serial measurements of the cardiac function, for ex
ample by LVEF measurements by radionuclide ventriculography or echocardiography. 
A decrease of LVEF after cessation of chemotherapy to a value below 50% or a signifi
cant decrease that remains within the normal range is often not accompanied by clini
cal symptoms, but may result in congestive heart failure in the long-term, although the 
predictive value of such decreases in LVEF is not known. More studies are re9uired 
with expanded follow-up and better end points determined by cardiac monitoring to 
get accurate incidence figures. 

Also for new and future chemotherapy regimens the evaluation of cardiovas
cular toxicity should not be restricted to the short-term. This especially applies for a 
number of new developments in the treatment of breast cancer. Increased cardio
toxicity has been reported after new promising agents including the taxoids, 1 92·1 93 and 
the monoclonal antibody trastuzumab,1 94 especially when combined with anthracy
clines. Currently these agents are used and evaluated in the treatment of metastatic 
breast cancer, but in the future their application may be extended to the adjuvant use, 
making the long-term risk of late cardiotoxicity more important. 

Minimizing the risk of late cardiovascular toxicity is therefore an important but 
difficult challenge. Omitting the causative agent or reducing its dosage is likely to be 
accompanied by less treatment efficacy. In the treatment of testicular cancer, for ex
ample, attempts have been made to limit pulmonary and vascular toxicity by omitting 
the agent bleomycin. However, this resulted in less tumor efficacy and so bleomycin is 
still used despite its toxic effects. 1 95 Alternative ways to circumvent toxicity are cur
rently being investigated. Less toxic administration forms, such as anthracyclines in
corporated into liposomes, may help to reduce toxicity.1 96 Also less toxic analogues 
have been developed, such as epirubicin for doxorubicin and carboplatin for cisplatin. 
However, their use also may result in less tumor efficacy, as was recently shown for 
carboplatin in the treatment of testicular cancer.1 97 The application of chemoprotec
tants such as dexrazoxane or amifostine during chemotherapy is a promising way to 
limit direct cardiovascular toxicity, but their use needs further evaluation. 1 98 

In the case of anthracycline-induced cardiotoxicity, guidelines have been de
veloped by Schwartz et al. for serial cardiac monitoring during anthracycline chemo
therapy that allow an optimal cumulative dose for an effective anti tumor treatment, 
with a minimal risk of inducing late cardiotoxicity. 1 99 These guidelines include: ( 1 )  a 
baseline radionuclide ventriculography determined LVEF measurement in all patients; 
(2) the next measurement at 300 mg/m2 and again at 400 mg/m2 in patients with ad
ditional risk factors or at 450 mg/m2 in the absence of risk factors; (3) a repeated 
measurement prior to each subse9uent dose beyond 450 mg/m2

; (4) discontinuation 
of chemotherapy if LVEF declines by more than 10% (absolute EF units) to a EF value 
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of less than 50%. It is however, not known whether late onset cardiotoxicity that may 
occur several years after completion of therapy will be prevented using these guide
lines. Monitoring cardiac function is particularly relevant in patients who have an in
creased risk of developing chemotherapy-induced cardiotoxicity, namely patients with 
pre-existent cardiovascular disease and patients treated with high doses of potential 
cardiotoxic chemotherapy. 

How often and by which detection techni9ues and parameters patients should 
best be measured after completion of potential cardiotoxic chemotherapy to prevent 
late onset cardiotoxicity has not yet been elucidated. The Cardiology Committee of 
the Childrens Cancer Study Group has proposed that those patients who have re
ceived a high anthracycline dose (more than 450 mg/m2) and patients with additional 
risk factors at 3-6 months, and 12 months after completion of therapy should be 
monitored.200 When cardiac function remains normal during the first year they further 
suggest that cardiac function should be monitored every 2 to 3 years, but more fre-
9uently when cardiac abnormalities have been detected.200 

Whether such guidelines developed for children and adolescents will be useful 
and cost-effective for adult patients has not been evaluated yet. Also the detection 
techni9ue of choice for monitoring the cardiac function after completion of chemo
therapy is under discussion. Although for adults the resting LVEF measurement by 
radionuclide ventriculography or by echocardiography is the most widely applied 
techni9ue, other techni9ues such as LVEF measurement after dobatumine or physical 
stress, and the determination of diastolic dysfunction parameters, may help to identify 
cardiotoxicity in a subclinical stage.201 From studies performed in patients with de
creased ischemic-related cardiac function it has become evident that intervention with 
inhibitors of angiotensin-converting enzyme and possibly �-adrenergic blockers, slows 
down the deterioration of the cardiac function.202·203 To date no such studies have 
been performed in asymptomatic patients with chemotherapy-related left ventricular 
dysfunction. However, it seems likely that the same benefit may be achieved in this 
patient group, although studies supporting this are not available yet. 

Indirect toxic effects on the cardiovascular system such as the occurrence of an 
unfavorable lipid profile as a conse9uence of gonadal toxicity might be limited by 
hormonal replacement. Particularly in female non-breast cancer patients who have 
developed premature menopause, estrogen replacement therapy may _prevent or re
vert unfavorable changes in the lipid profile, so averting the occurrence of premature 
cardiovascular morbidity.204 

. · It is the duty of oncologists to be alert to possible late cardiovascular toxicity. In 
the follow-up after treatment patients should be asked regularly about cardiac com
plaints so that evaluation by a cardiologist could be re9uested. Finally, the risk of car
diovascular morbidity could be minimized by monitoring and treatment of cardio
vascular risk factors such as dislipidemia and hypertension, in order to maximize 9ual
ity of life after chemotherapy. 
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SUMMARY 

The use of anthracyclines, a group of potent anti-cancer agents incorporated into the 
treatment of a wide variety of solid and hematological tumors, is limited by its cardio
toxicity that can result in congestive heart failure (CHF). The best method to detect 
cardiotoxicity in an early stage in order to prevent severe deterioration, is still an un
solved problem. Although endomyocardial biopsy is considered to be the most sensi
tive and specific test for this purpose, its use is limited by its invasiveness. In daily prac
tice, oncologists make use of parameters of systolic function (left ventricular ejection 
fraction or fractional shortening) to detect cardiotoxicity, but these methods are not 
able to identify cardiotoxicity at an early stage. 

Based on increasing knowledge into the pathophysiology of anthracycline-in
duced cardiotoxicity and heart failure in general, new methods including the determi
nation of diastolic function parameters, anti-myosin scintigraphy, assessment of heart 
rate variability, an'd the determination of biochemical markers have been proposed to 
identify patients at risk of the development of CHF in an early stage. However, most of 
these newer methods have not yet been adequately evaluated to allow them to be 
recommended for use in routine clinical practice. 

INTRODUCTION 

Since their introduction in the late 1960s, anthracyclines such as doxorubicin and epi
rubicin have been successfully used in the treatment of a wide variety of hematopoie
tic and _solid tumors. However, their use is limited by the occurrence of cardiotoxicity, 
which may result in congestive heart failure (CHF). This cardiotoxicity can become 
clinically overt shortly after anthracycline treatment, but also many years later.4·

205 The 
magnitude of this problem is rising as a result of the growing number of long-term 
cancer survivors who have been treated with anthracycline containing chemother
apy.206 Moreover, the use of anthracyclines has been increased, particularly as adjuvant 
therapy. 

To detect cardiac dysfunction in patients who are treated with anthracyclines, 
regular monitoring of the heart function during treatment is important. Identification 
of cardiac damage may lead to discontinuation or to a dose reduction of the anthracy
clines in order to prevent further cardiac deterioration. After completion of chemo
therapy, detection of cardiac dysfunction is also of relevance since this might lead to 
timely medical intervention aiming at improvement of the cardiac prognosis. Fur
thermore, in clinical studies of new anthracycline analogues, the cardiac function 
needs to be monitored. For this monitoring many different techniques are available. 
However, because each technique has specific limitations, agreement on the use of 
them is lacking. In this review we present an overview of the different methods that 
currently are used as either standard or investigational to detect anthracycline-in
duced cardiotoxicity. After describing the different manifestations, the risk factors and 
the pathogenesis of anthracycline-induced cardiotoxicity, the detection methods will 
be discussed in terms of weighing their advantages, disadvantages and usefulness in 
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medical practice. 

Clinical manifestations and risk factors for anthracycline-induced cardiotoxicity 

Anthracycline-induced cardiotoxicity is divided into acute and chronic cardiotoxicity. 
Acute cardiotoxicity occurs during or immediately after anthracycline administration 
and consists mainly of electrophysiological abnormalities and arrhythmias.207 In the 
majority of cases acute cardiotoxicity is transient and does not result in chronic car
diac dysfunction.208 Occasionally, severe cases of acute left ventricular dysfunction and 
of a pericarditis-myocarditis syndrome have been reported.205·209 However, with the 
current anthracycline dose regimens, this type of cardiotoxicity has become a rela
tively rare clinical issue and therefore will not be discussed further in this review. 

Clinically more relevant is the chronic form that presents as ventricu lar dys
function which can result in CHF. Chronic cardiotoxicity may occur weeks or up to 
many years after anthracycline therapy,3 but most cases with severe cardiac dysfunc
tion are diagnosed within one year.2 

Several risk factors have been identified that contribute to the development of 
chronic cardiotoxicity. The most important risk factor is the total cumulative dose of 
the anthracycline given. Lefrak et al. reported a 30% incidence of CHF in patients 
treated with cumulative doses of doxorubicin above 550 mg/m2 body surface area:210  

Von Hoff et al .  found that the risk of doxorubicin-induced CHF was less than 10% 
when a cumulative dose below 550 mg/m2 had been administered while the risk in
creased significantly above this dose.2 These observations have led 550 mg/m2 doxo
r ubicin being considered to be the maximum 'safe' cumulative dose. For epirubicin, a 
doxorubicin analogue with less cardiotoxicity, a comparable threshold has not been 
precisely defined, but is considered to be about 900-1 000 mg/m2.21 1 ·21 3 However, a 
wide variation exists in the individual cardiac sensit ivity to anthracyclines. Schwartz et . 
a l .  found that in 1 487 cancer patients who had been treated with anthracyclines, the 
total cumulative dosages of doxorubicin that caused CHF varied widely from 75 to 
1 095 mg/m2. 1 99 There are several reports of patients who have tolerated doses in ex
cess of 1 000 mg/m2, up to even 5000 mg/m2 doxorubicin without developing 
CHF.2·205·214 This variation in individual sensitivity implies that an arbitrary dose l imita
tion of 550 mg/m2 for doxorubicin in order to avoid cardiotoxicity may deprive some 
patients who safely could receive a much higher dose of doxoru bicin of the maximum 
therapeutically benefit form the drug. 

Besides the cumulative dose of the anthracycline, several other factors can con
tribute to the development of chronic cardiotoxicity. These include high serum peak 
levels of anthracyclines,21 5·216 mediastinal radiation,1 30 a young age or advanced age at 
the time of treatment,2·21 7·21 8 pre-existing heart disease and hypertension2 and female 
sex.5·219 Also combination treatment with other anti-cancer drugs such as cyclophos
phamide1 1 1  and mitomycin-C220 may possibly increase the risk of anthracycl i'ne cardio
toxicity. 
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Pathogenesis 

The pathogenetic mechanism of anthracycline-induced cardiac damage is not fully 
understood. Several mechanisms play a role, of which the anthracycline-mediated 
production of free oxygen radicals appears to be the most improtant.221·224 These free 
radicals lead to destruction of the mitochondria so causing myocyte death. Also cal
cium overload in the myocyte appears to be involved, caused by an anthracycline-in
duced activation of the calcium-release channel.204•225·227 Furthermore, anthracyclines 
appear to have a direct toxic effect on the adrenergic function of the myocardium.228-
231 These mechanisms disturb the contractility of the myocardium. To compensate for 
a decrease in cardiac output, several adaptive mechanisms are activated to maintain 
the pump function of the heart, probably similar to those that have been identified in 
other forms of heart failure, such as an increase in heart rate, an increase in contractil
ity, an increase in preload and an increase in the number of contractile elements.232 

These adjustments are accomplished by an increase in activity of two interrelated neu
rohormonal / autocrine-paracrine systems, the adrenergic and the renin-angiotensin
aldosterone systems. As a consequence, the wall stress (afterload) increases and the 
ventricles dilate. This leads to activation of natriuretic peptides, excreted by the atria 
(Atrial Natriuretic Peptide) and ventricles (Brain Natriuretic Peptide) that counter
regulate the effects of the adrenergic and the renin-angiotensin-aldosterone sys
tems.233 At the mechanistic level, it is thought that first the diastolic function of the 
heart is disturbed, before the systolic function deteriorates.22·23·234 When the systolic 
function diminishes severely, CHF can arise. 

In most adult patients, the cardiac changes follow a pattern of chronic dilated 
cardiomyopathy.21 0·235 In young cancer survivors cured by anthracyclines, a reduced 
left ventricular mass and thinning of left ventricular walls have been found,24 which in 
some patients results in a restrictive cardiomyopathy.33 

Detection of anthracycline cardiotoxicity 

The detection of anthracycline cardiotoxicity is useful during chemotherapy, during 
follow-up and in investigational studies. The goal of monitoring during chemotherapy 
is to administer the highest dose of anthracyclines without causing severe cardiac 
damage. 

The purpose of monitoring after completion of chemotherapy is identification 
of cardiac damage at an early preclinical stage in order to prevent further deterioration 
by timely intervention. Finally, monitoring the cardiac function is of importance in 
clinical studies, in which the cardiotoxicity of new anthracycline analogues, liposomal 
doxorubicin 1 96 or the usefulness of cardioprotective agents such as dexrazoxane236·237 
and probucol238 is evaluated. Different techniques are available to detect anthracycline 
cardiotoxicity, each having its advantages and limitations. 

Chest radiograph 
Only in a late stage of the disease, when clinical signs of CHF are present, a chest ra-
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diograph can reveal cardiomegaly or pulmonary edema. However, a chest radiograph 
is not capable to detect early signs of anthracycline cardiotoxicity.239 Therefore, the 
usefulness of chest radiographs in the detection of anthracycline cardiotoxicity is 
strictly limited. 

Electrocardiography (ECG) 
The 12-lead ECG is a non-invasive, readily available techni9ue by which different car
diac abnormalities can be detected. During or immediately after administration of an
thracyclines ECG abnormalities are encountered in approximately 11 % of patients 
treated (range 0-41 %).240

·
241 These electrocardiographic abnormalities include non

specific ST-segment and T-wave abnormalities and arrhythmias. These findings usually 
are transient and do not reflect nor predict the development of chronic cardio
toxicity. 2.2os,2 1 0  

Comparison of summations of QRS voltage have been used historically to indi
cate chronic cardiotoxicity.220

•
242 The decrease of QRS voltage is generally a late phe

nomenon that coincides with the onset of CHF.241 In addition, a decrease in QRS volt
age can also be observed in patients who develop pleural or pericardia! effusion as a 
result of tumor progression without CHF, indicating that this ECG-parameter has a 
low specificity for anthracycline cardiotoxicity. 

A prolonged QTc interval has also been suggested to be an early sign of ven
tricular dysfunction.24

·
243

'
244 However, Ferrari et al. showed in a follow-up study that 

prolongation of the QTc (more than 0.45 sec) was transient in most of the patients. 
Moreover, no correlations between prolonged QT c and functional echocardiographic 
alterations were found.245 

It is concluded that the ECG can show several abnormalities associated with an
thracycline administration, but given the low sensitivity and the low specificity its 
value for the detection of chronic anthracycline-induced cardiotoxicity is limited.31

·
246 

Multigated Radionuclide Angiography (MUCA) 
MUGA is a non-invasive techni9ue that makes use of intravenously injected radionu
clides (9 9Technetium) that bind to erythrocytes and enable the cardiac pool to be visu
alized with a y-camera. This techni9ue provides assessment of various cardiac indices 
such as the left ventricular ejection fraction (LVEF) for systolic function and the peak 
filling rate for diastolic function. Measurement of LVEF is widely used, particularly in 
adults and its value for this purpose has been investigated thoroughly.21

·
1 9 9

·
239

·
247

-
249 Se

rial LVEF measurements have been shown to be useful in clinical practice. Alexander 
et al. found that a decline in LVEF by at least 15% to a final value of less than 45% pre
ceded the development of CHF.247 Based on their experiences, Schwartz et al. devel
oped guidelines that included: 1) a baseline LVEF measurement in all patients; 2) the 
next measurement at 300 mg/m2 and again at 400 mg/m2 in patients with additional 
risk factors or at 450 mg/m2 in the absence of risk factors; 3) a repeated measurement 
p rior to each subse9uent dose beyond 450 mg/m2

; 4) discontinuation of anthracy
clines if LVEF declines by more than 10% (absolute EF units) to a EF value of less than 
50%.1 99 In a retrospective analysis among 28_2 patients, they found, in the patient 
group in which these guidelines were used precisely, a 4-fold reduction in the risk of 
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CHF compared to a group in which these gu idel ines were not fol lowed. 
However, for the early detection of anthracycl ine-induced myocardial damage 

the LVEF measurement is not very sensitive because the decrease occurs late in the 
patho logical process from cel lu lar  myocardial damage to CHF. McKi l lop et al .  found 
that the resting LVEF determination had a sensitivity of only 53% and a specificity of 
75% compared to abnormal ities found in myocardial biopsy specimens.2 1 In add ition, 
LVEF determination i s  influenced by changes in preload and afterload as may occur in 
conditions such as fever or septicemia or by volume infusions. Also a lterations in sym
pathetic tone, for example due to anemia, affect the resu lt  of the LVEF determination. 

To increase its sensitivity, LVEF measured during stress (maximal exercise or by 
dobutamin infusions) has been proposed. By stress testing, the heart is forced to in
crease the cardiac output, which in a normal healthy heart leads to an increase with at 
least 5% absolute EF units.25° Fai lure to increase the LVEF by this amount indicates a 
decreased cardiac reserve. Patients with a low resting LVEF, but with sufficient cardiac 
reserve (a r ise in LVEF of more than 5%) may be able to tolerate add itiona l anthracy
cl ine therapy.251 In the previous mentioned study of McKi l lop et a l .  the exercise LVEF 
determinations increased the sensitivity to detect cardiotoxicity to 89% (compared to 
53% for resting LVEF determinations).21 However, the specificity was found to be de
creased to 41 % (compared to 75% for resting determinations). Furthermore, the ap
pl icabi l ity of exercise testing during chemotherapy may be hampered by the poor 
physical condition of many cancer patients. 

S ince d iastol ic dysfunction genera l ly precedes systol ic dysfunction in other 
forms of heart fai lure,252·253 studies have a lso focussed on the usefulness of diastol ic 
function parameters including the peak fi l l ing rate, the rapid fi l l ing velocity and s low 
fi l l ing velocity. Lee et a l .  found a normal LVEF of 55% or more before and after doxo
rubicin treatment, but the mean rapid fi l l ing velocity and the slow fi l l ing velocity were 
both s ignificantly reduced. 254 Simi lar findings have been reported by Ganz et al. who 
also found that d iastol ic  dysfunction, as  shown by a decreased peak fi l l ing rate, pre
ceded a decrease in LVEF in patients who eventual ly developed anthracycl ine-induced 
CHF.234 However, Cottin et al. found s imultaneous impairment of the �VEF and the 
peak fi l l ing rate.255 Furthermore, it should be realized that d iastolic parameters are a lso 
influenced by changes in hemodynamics, particula rly changes in heart rate and blood 
pressure.256 

In conclusion, MUGA is one of the most important techni9ues to detect an
thracycline-induced cardiotoxicity in cl inical practice. However, its l imited sensitivity 
and the influence of changes in load ing conditions should be taken into account. Al
though LVE,F determinations during stress may increase the sensitivity compared to 
resting determinations, this is at the expense of a decrease in specificity. Probably the 
determination of the d iastol ic function reveals cardiotoxicity in an ear l ier stage. 

Echocardiography 
Echocardiography is one of the most widely used tools in cardiology that a l lows non
invasive eva luation of cardiac function. To detect anthracycl ine-induced card iotoxicity, 
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echocardiography is used frequently, particularly in pediatric oncology. Various pa
rameters of systolic function, diastolic function, anatomic dimensions and afterload 
can be assessed. Although the LVEF can also be measured by echocardiography, most 
frequently the fractional shortening (FS) is used.21 ·257-260 In pediatric oncology, a FS be
low 28-30% is considered to reflect systolic dysfunction. The Cardiology Committee 
of the Children's Cancer Study Group has proposed guidelines for modification of an
thracycline-based chemotherapy using the FS.200 The authors suggest that a drop of 
more than 10 percentile units compared to the initial values, or a FS below 29% is in
dicative of significant deterioration of the cardiac function and a reason to withheld 
further anthracycline treatment. By using their guidelines, they reported only three 
(0.4%) of 766 patients who developed CHF. In addition, 43 patients were able to tol
erate more than 550 mg/m2 doxorubicin. Since FS is a systolic parameter the same 
restrictions as mentioned for LVEF determination by MUGA, apply for its determina
tion of FS. 

To examine the myocardial contractility more directly, the stress velocity index 
has been proposed.33 This more complicated technique requires measurement of a 
carotid pulse tracing, a phonocardiogram and blood pressure simultaneous with the 
echocardiographic recording. The index incorporates measurements of contractil ity, 
afterload and preload, allowing their independent contribution to overall left ven
tricular performance. Lipshultz et al. reported that in 23% of long-term survivors of 
childhood cancer the stress velocity index was decreased.33 In a later study, a strong 
association between the decrease in stress velocity index and the total cumulative an
thracycline dose was found.5 However, this technique has not been widely accepted 
because of its technical complexity. 

Since echocardiographic analysis of transmitral Doppler flow patterns to de
termine LV diastolic function has been shown to provide useful information about 
pathogenesis and prognosis in various types of heart disease,261 ·262 its value for the de
tection of anthracycline-induced cardiotoxicity has also been investigated.22·255 Pa
rameters used to assess the diastolic function include the isovolumic relaxation time 
(IVRT) and the early peak flow velocity / atrial flow velocity (E/A) ratio.263 Marchandise 
et al. found in a prospective study in 19 adult patients no post-treatment LV systolic 
dysfunction.255 However, the mean IVRT was prolonged by 22% and the E/A ratio was 
decreased by 20% compared to baseline determinations, indicating diastolic dysfunc
tion. Stoddard et al. also reported an increase in the mean IVRT from 66 to 84 ms in a 
prospective study in 26 anthracycline-treated adults. This increase could be found af
ter cumulative doxorubicin doses as low as 100 mg/m2 and preceded a decline in sys
tolic function.22 We also found in a cross-sectional study in breast cancer patients, 
who had been treated with anthracyclines, a disturbed diastolic function in 50% of the 
patients, despite a normal systolic function (LVEF > 50%). 264 

On the other hand, Ewer et al. were unable to find changes in any of the meas
ured parameters of diastolic function in spite of a significant decline in systolic func
tion as measured with FS.265 In addition, Sung et al. found abnormal diastolic parame
ters in children who had been treated with anthracyclines as well as in children who 
had been treated with non-anthracycline containing chemotherapy.266 
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With increasing follow-up of long-term survivors of childhood cancer and with 
more precise echocardiographic measurements, it has become clear that there is a 
high incidence of cardiac abnormalities among these patients. These changes include 
thinning of the left ventricular posterial wall (LVPW) and reduction of the left ven
tricular mass (calculated by echocardiographically determined anatomic dimensions) 
and increases in the afterload. Lipshultz et al. noted a lower LVPW indexed for body 
surface area (LVPWi) in long-term survivors compared to normal controls.33 Further
more, the afterload (measured by the end-systolic wall stress) was increased com
pared to controls cJnd was found to be more increased in patients who were treated 
with higher cumulative doses of anthracyclines. Similar findings have been reported by 
others.24·259 Whether these cardiac abnormalities eventually lead to CHF is uncertain, 
but are a matter of great concern. 

Finally, echocardiography during stress tests has been investigated to unmask 
subclinical cardiotoxicity. Both exercise and dobutamin stress tests have been used for 
this purpose. Yeung et al. using exercise echocardiography, found in 19 asymptomatic 
children, treated with anthracyclines up to 6 years before, a normal rest FS but an in
crease in FS of only 3% compared with a mean increase of 23% in a group of patients 
treated with non-anthracycline containing chemotherapy.267 Others have reported 
similar findings.268 

By using dobutamine stress echocardiography Klewer et al. analyzed the cardiac status 
of 21 long-term survivors of childhood cancer treated with anthracyclines.269 Data 
were compared with 12 age-matched healthy controls. Differences between the pa
tients and the controls of the end-systolic LVPW dimensions were much more evident 
during stress compared to resting determinations. In particular, FS and end-systolic 
left ventricular wall stress were abnormal only during dobutamine stimulation. 

In conclusion, for monitoring the cardiac function during chemotherapy in or
der to adapt anthracycline doses, echocardiographic parameters of the systolic func
tion (LVEF or FS) can be used, but their limited sensitivity to detect early cardiac dam
age should be realized. 

The value of FS in adults has been evaluated inadequately and can therefore not 
be recommended. By using diastolic parameters, anthracycline cardiotoxicity appears 
to be detected in an earlier stage, but more extensive evaluation is still needed to de
termine its exact prognostic value. Other parameters, such as the stress-velocity in
dex, the thinning of the LVPW and the end-systolic wall stress also need further pro
spective evaluation. 

Heart Rate Variability (HRV) 
HRV is the fluctuation in the interval between consecutive heartbeats, which is con
trolled by the autonomic nervous system. Normal subjects are able to modulate the 
heart rate in a wide range of different levels which can be modified very rapidly. HRV 
can be assessed by 'spectral analysis' and 'time domain analysis' of the fluctuations in 
heart rate, calculated from 24-hour ambulatory ECG recordings by using specific 
computer software. Various studies have shown that HRV is impaired in patients with 
heart failure.270·272 In addition, the degree of impaired HRV appears to have a prognos-
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tic role.273 ,274 

The value of HRV analysis for the detection of anthracycline-induced cardio
toxicity has been evaluated in a few studies. Postma et al. tested 31 young patients for 
late cardiotoxicity (follow-up range 2.3-14.1 years (median 8.9 years)) with several 
techni9ues (MUGA, echocardiography) and also with HRV analysis.24 Correlation be
tween the anthracycline dose and echocardiographic and MUGA parameters were not 
found, but HRV analysis revealed a significantly impaired HRV in the patients who re
ceived more than 400 mg/m2 doxorubicin compared to those who received less than 
400 mg/m2, suggesting that HRV could be a sensitive indicator for cardiotoxicity.24 We 
recently found in breast cancer patients who had been treated with anthracyclines and 
high-dose chemotherapy, a significantly impaired HRV compared to healthy age
matched females.264 Particularly parameters reflecting the parasympathetic activity 
(rMSSD, pNNS0) were impaired, which is also the case in early stages of other forms 
of heart failure.272 

In conclusion, HRV analysis appears to be a sensitive test for the detection of 
anthracycline cardiotoxicity but further study is needed to determine the ultimate 
predictive value and specificity. Until then, HRV is of potential utility in examining 
mechanisms but it is still of very limited clinical utility in the evaluation of individual 
patients. 

Biochemical markers 

Natriuretic peptides 
The natriuretic peptides Atrial Natriuretic Peptide (ANP), and Brain Natriuretic Peptide 
(BNP) are currently evaluated for their usefulness in the detection of anthracycline 
cardiotoxicity. ANP is secreted mainly by the atria in response to increased stretch as a 
result of an increased left-atrial pressure, as is N-terminal ANP, the inactive type of 
ANP that is less rapidly cleared. BNP is produced mainly by the ventricles in response 
to ventricular dilatation and increased wall stress.275 Plasma levels of both peptides are 
elevated in both symptomatic and asymptomatic patients with left ventricular dys
function from other causes.275 Their applicability as a marker for anthracycline-induced 
cardiotoxicity has only been investigated in a few small studies. Bauch et al. measured 
plasma ANP-levels prospectively in 19 children treated with anthracyclines. Two out 
of six patients with elevated plasma ANP-levels 3 weeks after completion ·of the an
thracycline treatment developed CHF, while a decline in LVEF determined by MUGA 
could not be established.276 In contrast, Yamashita et al. found in 30 cancer patients 
treated with anthracyclines that elevated plasma levels of ANP were a late phenome
non that coincided with the development of CHF.277 

A follow-up study by Tikanoja et al. showed a significant increase in the serum 
N-terminal ANP-levels in patients after anthracycline chemotherapy compared to age
matched controls (follow-up 0.9-13 years).278 Suzuki et al. found a significant increase 
in BNP-levels during anthracycline-based chemotherapy, however, in most of these 
patients these elevations were transient. On the other hand, two out of three patients 
with a persistently elevated BNP- level subse9uently died as a result of circulatory fail-
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ure.279 
Hence, ANP and BNP are potential biochemical markers to detect anthracy

cline-induced cardiotoxicity, but at present they have been evaluated inade9uately 
both during treatment and during follow-up. 

Cardiac troponin 
Other biochemical markers that have been investigated recently for their use in the 
diagnosis of anthracycline-induced cardiotoxicity are the cardiac troponins-T and I. 
These thin-filament contractile proteins are present in high concentrations in the 
myocardium are released rapidly into the circulation after myocardial injury such as 
myocardial infarction or acute myocarditis.280 

Lipshultz et al. found elevated cardiac troponin-T serum levels in 15  children 
who were treated with doxorubicin therapy. They found that the degree of elevation 
predicted left ventricular dilatation and wall thinning nine months later, suggesting 
that an elevated cardiac troponin-T level may predict subse9uent subclinical and clini
cal cardiac morbidity.281 

Missov et al. also reported elevated cardiac troponin-1 levels in 13  anthracycline 
treated patients, compared to both anthracycline naive patients and healthy con
trols.282 
Cardiac troponins are potentially useful markers for the early detection of anthracy
cline-induced cardiotoxicity, but they have been inade9uately investigated. 

Endothelin- 1 
Endothelin-1 is a potent vasoconstrictor peptide, synthesized in the vasculature and 
the myocardium by endothelial cells and ventricular myocytes. Plasma endothelin-1 
levels are elevated in patients with severe heart failure from different causes and a cor
relation exists between the plasma level and the severity of heart failure. The exact 
role of endothelin-1 in the pathophysiology of heart failure is not fully understood.283 

Yamashita et al. measured changes in plasma endothelin-1 during doxorubicin 
treatment in 30 cancer patients, in whom the cardiac function was also evaluated by 
echocardiography. The plasma levels of endothelin-1 rose progressively in five pa
tients. Later on, two of these 5 patients developed clinically overt CHF after chemo
therapy, while the FS and LVEF showed no abnormalities until the development of 
CHF.277 This suggests a potential role for the determination of plasma endothelin-1 
levels to predict anthracycline-induced cardiotoxicity. 

Radionuclide imaging tests 

Besides MUGA, other radionuclide imaging tests have been proposed to detect an
thracycline cardiotoxicity at the cellular level. 

1 1 1  /ndium-Antimyosin heart scintigraphy 
Antimyosin scintigraphy makes use of the myocardial uptake of intravenously injected 
11 1 lndium-antimyosin antibodies. Binding of this antibody to intracellular myosin oc
curs only when the sarcolemma is disrupted and the cell has been irreversibly dam-
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aged.284.287 Carrio et al .  studied in 36 cancer patients, the appl icabi l ity of antimyosin 
scintigraphy.285 Antimyosin scans and ejection fraction measurements were per
formed before, during and at the end of doxorubucin treatment. Antimyosin uptake 
was 9uantified by a heart-to-lung ratio. While none of the patients had an elevated 
antimyosin uptake (mean ratio 1 .40 ± 0.06) before chemotherapy, an increased up
take was observed d uring and at the end of chemotherapy (mean ratio of 2.02 ± 0.3). 
Patients with more intense antimyosin uptake during chemotherapy tended to be 
those with more severe functional impairment measured by a decrease in LVEF. 
Also others suggest that morphologica l damage in the myocytes can be detected by 
antimyosin scans before the systolic function deteriorates.288·289 

123 /odine-Metaiodobenzylguanidine (MIBC) heart scintigraphy 
MIBG behaves s imi larly to noradrenal ine and is taken up by the myocard ium.290 M IBG 
has been found to be a suitable marker to study myocardial adrenergic innervation 
and neuron injury.291 In patients with heart fai l u re MIBG studies have shown distur
bances in adrenergic neurone activation.292·293 MIBG scintigraphy has also been pro
posed to assess impairment of the adrenergic function due to anthracycl ine cardio
toxicity.285·294-297 For instance, Valdes Olmos et a l .  found in 21 patients treated with 
anthracycl ines, that the cardiac adrenergic derangement occurred before the devel
opment of systolic dysfunction measured by LVEF determinations. Moreover, im
pa i red MIBG uptake tended to correlate with the cumulative doses of anthracy
cl ines.295 Carrio et a l .  reported s imi lar findings.285 

Radionucl ide imaging techni9ues of the heart using anti-myosin-antibodies and 
M IBG are potential ly useful techni9ues, which can detect anthracycline card iotoxicity 
in an early stage. However, further prospective evaluation in larger tria ls is needed to 
c l arify the specificity and the prognostic value of these both techni9ues. In addition, 
both tests are not avai lable in many centers and re9u ire radioactive nucl ides which is a 
d i sadvantage for fre9uent screening. 

Endomyocardia/ biopsy 
Endomyocardia l  biopsy obtained from the right ventricle during heart catheterization 
is considered to be the most sensitive and specific test for the detection of anthracy
cl ine-induced cardiotoxicity. Electron microscopic examination of the biopsy speci
mens revea ls  characteristic changes, including extensive depletion of myofibri l l ar  
bund les, myofibri l l ar  lysis, d istortion and disruption of the Z-lines, mitochondrial 
swel l ing and particu larly swell ing and d isruption of the sarcoplasmatic reticulum, 
l ead ing to intramyocyte vacuol isation.298-301 In patients with mi ld  toxicity this damage 
i s  patchy, but with increasing toxicity this damage is found more extensively through
o ut the heart with progression to myocyte necrosis  and myocyte loss. Several studies 
in which endomyocardial b iopsy was compared with other detection techni9ues such 
a s  MUGA, echocard iography and ECG-recordings have shown that endomyocardial 
biopsy examination can detect cardiotoxicity before any sign of LV dysfunction is de
tected. 298,299,301 

Bi l l ingham et al. developed a standardized grad ing scale for the degree of dam-
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age. 298 The grade of injury can be expressed on a scale ranging from 1 to 3: biopsy 
samples in which less than 5% of cells show changes typical of doxorubicin injury are 
graded 1, and those with ch�nges in 5-15%, 16-25%, 26-35%, and more than 35% of 
cells are graded 1.5, 2, 2.5, and 3 respectively. This grading scale correlates with the 
cumulative anthracycline dose and has a predictive value for the development of CHF. 
Although this detection techni9ue is considered to be the most sensitive for chronic 
cardiotoxicity, sampling errors can occur because of the scattered cardiac damage.302 

In conclusion, endomyocardial biopsy examination is considered the most sen
sitive and specific method for the detection of chronic anthracycline-induced cardio
toxicity and prediction of cardiac dysfunction. Unfortunately, the use of endomyocar
dial biopsy for routine monitoring is limited by its invasiveness, and the lack of exper
tise in obtaining and interpreting these biopsy specimens. Therefore, this test is 
mainly useful in those situations in which there is doubt about the cause of cardiac 
dysfunction in a patient treated with anthracyclines. 

DISCUSSION 

Although cardiotoxicity is a well-recognized side-effect of anthracycline treatment, 
this problem remains a clinical problem, especially because of the increasing number 
of long-term cancer survivors and because of the increasing number of patients 
treated with adjuvant (anthracycline-based) chemotherapy. To prevent cardiotoxicity, 
several different alternative administration schedules,216 the use of cardioprotective 
agents such as dexrazoxane303 and the use of liposomal anthracyclines that possibly 
cause less cardiotoxicity196 have been investigated. Because the success of these 
strategies is still uncertain and limited, regular monitoring of cardiac function is and 
will be essential to prevent severe cardiac deterioration. 
Monitoring cardiotoxicity is useful during chemotherapy, during follow-up and in in
vestigational studies in which new anthracycline analogues are evaluated. The gold 
standard is the endomyocardial biopsy but its use in medical practice is limited by its 
invasiveness. Although many different new techni9ues have been proposed to guide 
anthracycline therapy, most of them have been inade9uately investigated. Therefore, 
oncologists in daily medical practice are still thrown on the conventional determina
tions of the left ventricular systolic function by MUGA or by echocardiography, al
though the measurement of the systolic function clearly has its limitations as has been 
discussed. 

For guiding anthracycline therapy in adults the guidelines as described by 
Schwartz. et al can be used.199 However, one must be sure that a decline in LVEF is not 
caused by changes in patients' hemodynamics or by alterations in the serum hemo
globin level. 
Young patients need to be monitored more fre9uently. The Committee of the Chil
dren Cancer Study Group has developed guidelines using various detection tech
ni9ues including echocardiography and MUGA.200 In the future, newer methods such 
as the determination of diastolic parameters, analysis of HRV or the use of radionu
clide imaging tests may be of (additional) help to identify cardiotoxicity in an earlier 
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stage and al low an optimal cumulative anthracycline dosage to be adapted on an indi
vidual basis. However, this first requ ires eva luation in large patient groups. 

During the fol low-up, cardiotoxicity may be evaluated by determinations of 
systolic function. Additional ly, assessment of the diastolic function can be used. Pa
tients who have received a high anthracycline dose (more than 450 mg/m2) and pa
tients with additional risk factors shou ld be monitored at 3 to 6 months, and 1 2  
months after completion of therapy. If the cardiac function remains normal during the 
first year further monitoring should be performed every 2 to 3 years, but more fre
q uently when cardiac abnormal ities have been detected.200 In those patients in whom 
deterioration of the systol ic function is found, stress testing may be useful to analyze 
the cardiac reserve. Continuous monitoring could faci l itate early therapeutic interven
t ion that may prevent further cardiac deterioration. In patients with mi ld left-ven
tricular systol ic dysfunction from other causes, treatment with angiotensin-converting 
enzyme inhibitors has been shown to decrease morbidity and mortal ity.202 Early 
treatment of patients with subclinical anthracycline-induced cardiotoxicity with these 
d rugs might also be beneficial ,  but has sti l l  to be proven, preferably in randomized 
cl inical  tria ls .  

Final ly, patients treated with investigational anthracycl ine analogues with un
known cardiotoxicity should be monitored very carefu l ly. Only patients without pre
existing heart d isease and with a normal ECG should be el igible for such tria ls  to 
m inimize the risk of severe cardiac deterioration.2 At baseline a LVEF measurement 
with MUGA or echocardiography should be performed. Before each course a subse
q uent LVEF determination should be done. To be able to make a comparison with 
conventional anthracyclines, it i s  essentia l  to continue monitoring after completion of 
the therapy. However, s ince patients who participate in such tria l s  usual ly have a l im
ited l ife expectancy, signs of subcl inical cardiac toxicity should be sought more ac
tively. Therefore, in these settings, besides the determination of the systol ic function, 
the diastolic function of the left ventricle should be eva luated either by echocardi-
ography or by MUGA. 

For the future, further eva luation of new parameters of early cardiac damage is 
of relevance to define patients who cou ld benefit from early intervention measures to 
p revent or delay the development of anthracycl ine-induced congestive heart fa i lure. 
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SUMMARY 

Purpose. To determine whether long-term survivors of metastatic testicular cancer have 
an have an increased risk of cardiovascular morbidity more than 10 years after 
chemotherapy. 
Patients and Methods. Eighty-seven patients treated with cisplatin containing 
chemotherapy before 1987 who were in remission for at least 10 years and whose ages 
were � 50 years at the time of analysis were evaluated for the occurrence of 
cardiovascular events. Sixty-two of 87 patients were additionally evaluated for cardiac 
damage and cardiovascular risk factors. Their cardiovascular risk profile was compared 
with that of 40 patients with comparable age and follow-up duration treated with 
orchidectomy only for stage I disease. 
Results. Major cardiac events were found in five (6%) of the 87 patients (age at time of 
event 30 to42 years; time after chemotherapy, 9-16 years): two patients with myocardial 
infarction and three patients with angina pectoris with proven myocardial ischemia. An 
increased observed-to-expected ratio of 7.1 (95% confidence interval, 1.9-18.3) for 
coronary artery disease, as compared with the general male Dutch population, was 
found. In addition, one patient experienced a cerebrovascular accident. Exercise-ECG did 
not reveal cases of subclinical coronary artery disease. Echocardiography showed normal 
systolic left ventricular function in most patients, but diastolic left ventricular function 
was disturbed in 33% of the patients. Of 62 chemotherapy patients, 79% had 
hypercholesterolemia, 39% had hypertension, 25% still experienced Raynaud's 
phenomenon, and 22 % had microalbuminuria. Compared with patients with stage I 
disease, the chemotherapy patients had higher blood pressure, higher total cholesterol
and triglyceride levels and were more insulin resistant. 
Conclusion. In long-term survivors of metastatic testicular cancer we observed a 
significantly increased risk for occurrence of cardiac events accompanied by a persisting 
unfavorable cardiovascular risk-profile. Accurate follow-up, focused on cardiovascular 
complications and aimed at intervention in these young cancer-survivors seems to be 
important. 

INTRODUCTION 

Twenty years after the introduction of cisplatin containing chemotherapy for metastatic 
testicular cancer, this treatment remains one of the few with a high curative potential in 
disseminated cancer. The success of this therapy has resulted in an increasing number of 
patients who have been cured of testicular cancer. Because life expectancy of this group 
of young men is presumed to be normal once they have achieved a durable complete 
remission, the impact of long-term effects of the cytostatic treatment is becoming 
increasingly relevant. Attention has therefore been drawn to late sequelae of the 
chemotherapy such as nephrotoxicity and neurotoxicity.69·

78
·
304 The described 

cardiovascular complications associated with cisplatin chemotherapy is a cause of 
increased concern about the ultimate long-term prognosis of these patients.10.4° We 
previously reported on the unfavorable cardiovascular risk profile that testicular cancer 
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survivors develop several years after chemotherapy.15 This unfavorable profile, which 
includes hypertension, overweight and an elevated serum level of total cholesterol in 
combination with a decreased high-density lipoprotein (HDL) cholesterol level, has also 
been described by others.14

'
1 6·73 The impact of cardiovascular risk factors in these young 

patients may be aggravated by the chemotherapy-associated vascular abnormalities such 
as Raynaud's phenomenon.74.75

,
79 However, because of a relatively limited follow-up, the 

clinical impact of these cardiovascular risk factors on health status remains unclear. 
The aim of the present study is to evaluate the incidence of cardiovascular events, 

the presence of subclinical cardiovascular damage and the presence of other related late 
side effects of cisplatin combination chemotherapy administered to patients with 
disseminated testicular cancer 10 or more years ago. 

PATIENTS AND METHODS 

In October 1997 the charts of all 208 patients treated prior to October 1987 with 
cisplatin containing chemotherapy for disseminated testicular cancer at the University 
Hospital Groningen, the Netherlands, were reviewed for the occurrence of 
cardiovascular events. Patients who entered onto this analysis had to meet the following 
additional criteria: age 50 years or younger in October 1997; no evidence of testicular 
cancer for at least three years after initial treatment; a documented follow-up of at least 
1 0 years; and no treatment with radiotherapy. A total of 87 patients met these criteria. 
The median age of these patients in October 1997 was 41 years (range, 30-50 years); the 
median follow-up duration was 1 4  years (range, 10-20 years). A cardiac event was 
defined as a fatal or non-fatal myocardial infarction or angina pectoris with proven 
myocardial ischemia. By the person-years approach, the ratio was calculated of the 
observed (0) number and the expected (E) number of cases with angina pectoris with 
proven myocardial ischemia plus cases with non-fatal myocardial infarction, using age
and sex specific incidence rates data from two Dutch registration projects.305 Data from 
these two registration projects originated from a total of 46 general practitioner 
practices and included data of 92633 men in the age between 15 and 50 years. 
Confidence limits for the ratio of the O and E numbers of patients were determined with 
the assumption of a Poisson distribution for O numbers. The person-years at risk were 
counted from the end of chemotherapy treatment through the last follow-up date. 
Person-years at risk were counted in patients who experienced either a cardiovascular 
event or a late tumor relapse before or on the date of diagnosis of the cardiovascular 
event or the date of tumor relapse. 

Follow-up investigation 
Of the 87 patients mentioned above, 77 were invited for prospective follow-up 
investigations with emphasis on actual cardiovascular disease and cardiovascular risk 
factors. Ten patients were not invited for the following reasons: one (patient A in table 2) 
died at the age of 39 years as a result of an acute myocardial infarction, six experienced 
late tumor relapse and three were lost to follow-up (10-1 1 years after chemotherapy). Of 
the 77 patients, 62 (81 %) agreed to participate in additional follow-up investigations. The 
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median age of these 62 patients at the time of chemotherapy treatment was 27 years 
(range, 1 7-36 years). The median age at the time of follow-up investigation was 42 years 
(range, 30-50 years) with a median fol low-up duration of 1 4  years (range, 1 0-20 years). 
Administered chemotherapy regimens are listed in table 1 .  To analyze the possible 
influence of the cumulative cisplatin dose on late sequelae, patients were divided in two 
groups.14  One group was composed of those patients who received � 400 mg/m2 

(n=42). The other group consisted of those who received > 400 mg/m2 cisplatin (n=20). 
Furthermore the cardiovascular risk profile of the 62 chemotherapy patients was 
compared with the cardiovascular factor profi le of patients enrol led onto a survei l lance 
program at our institution for stage I testicular cancer. Of 61 avai lable stage I patients 
with comparable age and fol low-up duration 40 (66%) agreed to participate in this 
assessment. These latter patients were disease-free after orchidectomy only and 
received no chemotherapy or radiotherapy. The median age of these 40 patients at the 
time of orchidectomy was 26 years (range, 1 8-38 years). At the time of cardiovascular 
risk factor assessment the median fol low-up duration after orch idectomy was 1 4  years 
(range, 1 0-20) and the median age was 41 years (range, 29-50 years). 

Table 1 .  Chemotherapy regimens of the 62 patients that participated in the follow-up investigation 

Chemotherapy regimen* No. of patients (%) 

PVB 69 
9 1 5  

PVB + maintenance PV for one year69 
20 32 

BEP3o6 
1 6  26 

PVB/BEP306 
1 1  1 8  

EP19S 4 6 

EIP301 2 3 

* P = Cisplatin ; V = Vinblastine ; B = Bleomycin; E = Etoposide; I = lfosfamide 

Measurements 
A deta i led medical history was obtained on the day of the fol low-up investigation with 
the help of a standardized questionnaire. This questionnaire included questions related 
to actual and previous card iac function and to the presence of complaints known to be 
related to chemotherapy, especial ly Raynaud's phenomenon. Concern ing Raynaud's 
phenomenon patients were asked the fol lowing questions: compared with before 
treatment, do/did you experience white, painful fingers or toes during emotion, whi le 
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touching cold objects, or during cold weather, followed by a burning feeling and red
ness of the acra? How did these symptoms develop over time? How would you best 
describe the severity, do/did they affect your daily life? Patients who regularly did ex
perience or had experienced these symptoms were considered having Raynaud's 
phenomenon. Furthermore, the family history (first-degree kinship) for cardiovascular 
disease as well as the use of medication and tobacco was documented. A full physical 
examination was performed. Blood pressure was measured at both arms in a sitting po
sition after a rest-period of 10 min with a standard mercury sphygmomanometer. Hy
pertension was defined as systolic pressure of more than 150 mmHg or a diastolic pres
sure of more than 95 mmHg or by the prescribed use of anti-hypertensive medication. 
The body mass index (BMI), defined as body weight (kg) divided by height2 (m2) was 
used as a measure of corpulence. A patient with a BMI of more than 27.8 kg/m2 was con
sidered overweight.308 

Chemotherapy treated patients underwent an exercise ECG by a bicycle 
ergometer according to a standard protocol309 to evaluate the existence of silent 
myocardial ischemia. Patients with abnormal test results underwent further evaluation 
by standard stress and rest myocardial perfusion scintigraphy using 99mTc-sestamibi.31 0 

Echocardiograms were also performed using a Vingmed CFM 800 (Sonotron, Horten, 
Norway) e9uipped with a 3.25 MHz transducer. Two-dimensional images were obtained 
in the parasternal long-axis and short-axis views and the apical four-chamber and two
chamber views. Transmitral Doppler flow velocity patterns were recorded from the 
apical four-chamber view.263 The wall motion score index (WMSI) was used as an overall 
measure of systolic left ventricular function.31 1 A WMSI > 1.5 was considered to indicate 
significant systolic dysfunction. The early peak flow velocity / atrial peak flow velocity 
(E/A) ratio was used to assess diastolic left ventricular function to test for early left 
ventricular dysfunction. An E/A ratio < 1.0 was considered to indicate diastolic 
dysfunction.309 The left ventricle mass (LVM) was calculated by the formula of Devereux 
and was indexed for body surface area.263 A LVM-index (LVMI) of > 125 g/m2 body 
surface area was considered to indicate left ventricular hypertrophy (LVH).3 1 2  

Blood samples collected after an overnight fast were analyzed for serum levels of 
total cholesterol, triglycerides, magnesium (Mg) and creatinine by the Vitros 750c 
analyzer (Ortho Clinical Diagnostics, Beerse, Belgium). The HDL cholesterol and low
density lipoprotein (LDL) cholesterol levels were determined as previously 
described.31 3

·
3 1 4  Cut-off points for lipid levels were used as recommended by the 

American National Education Program.3 1 5 Hypercholesterolemia was defined as an 
elevated fasting total serum cholesterol level (> 5.2 mmol/1) or the use of cholesterol
lowering medication. 

Because Raynaud's phenomenon fre9uently occurs in these chemotherapy treated 
patients, they were evaluated for endothelium dysfunction as tested by the urinary al
bumin excretion in 24-hour urine collections using radioimmunoassay (RIA) 
(EURO/Diagnostics Products Corporation, Lanberis, UK). Microalbuminuria was defined 
by an albumin excretion > 20 �Lg/min.6 1

·
3 1 6  Creatinine excretion in 24-hour urine collec

tion was determined to estimate renal function. Because the sex hormonal balance is 
often disturbed1 5

·
94 levels of serum testosterone, estradiol, follicle-stimulating hormone 

(FSH), and luteinizing hormone (LH) were determined using RIAs. Thyroid-stimulating 
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hormone and thyroxin (T4) levels were measured with RIAs to exclude hypothyroidism 
as the cause of hypercholesterolemia. Fasting insulin and glucose levels were studied to 
investigate whether these patients who were inclined to being overweight developed 
insulin resistance.1 5 Insulin was measured by RIA, and glucose was measured using the 
glucose oxidase method by using the ECA 180 analyzer (Medingen, Dresden, Germany). 
As a measure for insulin resistance, the insulin-to-glucose ratio ( IGR) was calculated by 
dividing fasting serum insulin (pmol) by fasting serum glucose (mmol). An IGR of more 
than 22 was considered to .indicate insulin resistance.317 

Statistical analysis 
The 95% confidence interval (Cl) of the O/E ratio was obtained using a Poisson 
distribution of O numbers.318 Mean or median values of different groups and subgroups 
were compared with an unpaired Student's t-test or Mann-Whitney U test when 
indicated. Categorical variables were compared using the Chi-square test. Pearson's 
correlation coefficient and the Spearman rank-sum tests were applied when indicated. 
Multiple-linear regression analysis was performed to evaluate the effect of different 
cumulative cytostatic dosages or cytostatics administration on the cardiovascular 
parameters with adjustment for potential confounding factors. Unless otherwise stated, 
data are expressed as mean ± SD. All tests were two-sided; P values less than .05 were 
considered to indicate significance. 

RESULTS 

Cardiovascular events 
Cardiac events occurred during follow-up after completion of chemotherapy in five (6%) 
of the 87 evaluated patients. These events occurred in two patients who had experi
enced myocardial infarction (being fatal in one), and in three patients who developed 
angina pectoris with proven ischemia. None of these five patients did have any cardiac 
problems before the start of chemotherapy. Details of the patients with cardiac events 
are listed in table 2. A comparison with the general Dutch male population revealed an 
O/E ratio of 7.1 (95% Cl: 1.9-18.3) for cases of non-fatal myocardial infarction plus cases 
of angina pectoris with proven ischemia. The age range of the patients at the time of the 
event was from 30 to 42 years. All events occurred between 9 and 16 years after chemo
therapy. All of the affected patients had developed hypertension in the course of time 
after chemotherapy, and three of these patients had additional cardiovascular risk fac
tors. The patients with angina pectoris underwent a revascularization procedure or are 
currently being treated with antianginal medication. In addition, one patient experienced 
a cerebrovascular accident at the age of 41 years, 11 years after chemotherapy (PVB). He 
had hypertension and hypertriglycerideemia. 
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Table 2. Characteristics of patients with cardiac events following chemotherapy for disseminated testicular 
cancer 

Patient Cardlovas- Age at tlme of Chemother. Time after Additional cardiovascular risk 
cular disease event (yrs.) regimen chemother. (yrs.) factors 

A Fatal Ml 39 PVB/BEP 1 2  hypertension 

B Acute Ml 42 PVB+ 1 6  hypertension, smoker, 

positive family history 

C AP' 36 PVB+ 1 6  hypertension, 

hypercholesterolemia, 

overweight 

D AP', LVH 39 PVB/BEP 1 0  hypertension, 

hypercholesterolemia 

E AP
tt 

30 EIP 9 hypertension 

Ml = myocardial infarction; AP= angina pectoris; LVH = left ventricular hypertrophy; PVB = cisplatin, 
vinblastine, bleomycin; BEP= bleomycin, etoposide, cisplatin; EIP = Etoposide, ifosfamide, cisplatin ; 
' disease documented by coronary angiography " ischemia documented by 99"'T c-Sestamibi-scan and PET-scan 

Follow-up investigation 

Cardiac damage 
Fifty-five asymptomatic chemotherapy patients underwent an exercise ECG to test for 
silent myocardial ischemia. The test showed significant ST depression during exercise in 
six of the 55 patients (11 %). However, additional investigation by a 99mT c-Sestamibi-scan 
in these six patients could not confirm signs of ischemia. Reliable echocardiographic 
images could be obtained in 58 of the 62 chemotherapy patients, including the four 
patients with a previous cardiac event. Systolic left ventricular function was disturbed 
(WMSI > 1.5) in two patients, including patient D (table 2). One patient (age at follow
up: 30 years) had echocardiographic evidence of a previous myocardial infarction 
without a history of clinical symptoms. He was a former smoker and had 
hypercholesterolemia. Evidence of disturbed diastolic left ventricular function was found 
in 19 (33%) patients. The mean E/A ratio was 1.1 ± 0.29 (range, 0.44-1.97). The E/A ratio 
was significantly lower for patients who received a cumulative dose > 400 mg/m2 

compared to those who received :e::; 400 mg/m2 cisplatin, 0.99 vs. 1.15 respectively 
(p=0.04). Mean systolic blood pressure was higher in the patients with an E/A ratio of 
less than 1.0 compared to those with a normal E/A ratio, 151 ± 25 mmHg vs. 
136 ± 19 mmHg respectively (p=0.02). Mean diastolic pressure did not significantly 
differ. Of the 19 patients with an E/A ratio < 1.0, 10 (53%) had normal blood pressure. 
No influence of cumulative cytostatics dose or administration could be detected on the 
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E/A ratio after adjusting for age, heart rate and systolic blood pressure. Of the 55 
chemotherapy patients in whom the l VM index could be calculated, six (11 %) had l VH. 
All six patients

.
had hypertension. 

Cardiovascular risk factors 
Sixty (97%) of the 62 chemotherapy patients had each one or more cardiovascular risk 
factors (hypertension, hypercholesterolemia, a smoking history or a positive family his
tory for cardiovascular events). Twenty-four (39%) of the 62 chemotherapy patients had 
hypertension. The blood pressure before the start of chemotherapy was normal in all of 
these patients. Of the 24 patients with elevated blood pressure, 11 used anti-hyperten
sive medication. The median time between chemotherapy treatment and the diagnosis 
of hypertension was 7.5 years (range, 2-17 years), at a median age of 35 years (range, 28-
42 years). Chemotherapy patients with hypertension had a higher left ventricular poste
rior wall thickness compared to normotensive patients, 9.5 ± 1.4 mm vs. 8.7 ± 1.4 mm 
(p=0.02). Compared with the stage I patient group, hypertension was found more fre
quently in the chemotherapy group ( 13% vs 39 %; p=0.003). Both the mean systolic and 
diastolic blood pressure in the chemotherapy group were significantly higher compared 
.with the stage I group (table 3). Forty-nine (79%) of the 62 chemotherapy patients had 
hypercholesterolemia, including seven patients who used cholesterol-lowering medica
tion. The comparisons of lipid levels of the chemotherapy group with those of the group 
with stage I disease are summarized in table 3. The mean total cholesterol, the mean to
tal cholesterol/HDl cholesterol ratio and mean triglycerides were significantly higher in 
the patients who received chemotherapy compared with those of the patients who were 
treated with orchidectomy only. The differences in lipid levels and blood pressure be
tween both groups could not be attributed to difference in age because the mean age 
was the same in the two groups. 

Twenty-two (36%) of the 62 chemotherapy patients experienced symptoms of 
Raynaud's phenomenon during follow-up, but in seven patients (11 %) Raynaud's 
phenomenon had s·ubsided. Serum Mg level in patients with Raynaud's phenomenon 
was not significantly lower compared to patients without Raynaud's phenomenon 0.82 ± 
0.08 mmol/l v 0.88 ± 0.11 mmol/l (p=0.06). Eleven (22%) of 51 evaluated 
chemotherapy patients had microalbuminuria with a median albumin excretion of 
80 µg/min (range 22.2-718.1 ).This microalbuminuria is considered to be a sign of 
endothelial damage. Chemotherapy treated patients with microalbuminuria had a higher 
mean systolic and diastolic blood pressure when compared to patients without 
increased albumin excretion (Systolic blood pressure 157 ± 32 mmHg v 136 ± 17 
mmHg: P =.05; Diastolic blood pressure 100 ± 11 mmHg v 88 ± 11  mm Hg: P =.004, 
respectively). The mean creatinine clearance of all 62 chemotherapy patients was 
111 ± 24 ml/min. The creatinine clearance was decreased (< 100 ml/min) in 19 
patients (31%). The mean serum Mg level was 0.85 ± 0.08 mmol/l and was below 
normal (< 0.74 mmol/l) in five patients. The serum Mg level correlated inversely with 
the cumulative cisplatin dose (r=-.318; P=.02). 

Thirteen of the chemotherapy patients (21 %) were overweight compared with 11 
of the stage I patients (28%). The mean BMls of the chemotherapy group and the group 
with stage I disease did not differ significantly (25.8 ± 3.6 kg/m2 v25.7 ± 3.5 kg/m2

; P 
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Table 3. Cardiovascular risk factors in long-term survivors of testicular cancer after chemotherapy (n=62) or orchidectomy only (n=40) 

Chemotherapy group (n=62) Stage I group (n=40) 

Risk factor Normal value Mean ± SD Range Number (%) of Mean ± SD Range Number (%) of P-value., 

patients with ab- patients with ab-
normal result normal result 

Dyslipidaemia 49 (79f3 23 (58)
°3 0.02 

Total Cholesterol < 5.2 mmol/L 6.2±1 .2·2 4.3-9.7 49 (79)
°3 5.6±1 .2

°2 3.5-9.8 23 (58)
°3 0.03 

HDL-Cholesterol > 0.9 mmol/L 1 .0±0.3"2 0.3-1 .7 19 (35)
°3 1 .1 ±0.3

°2 0.7-2.1 1 0 (25)-J 0.1 6  

LDL-Cholesterol < 3.4 mmol/L 4.3± 1 .1 "2 1 .1 -6.5 49 (79)-J 3.9±1 _1 -i 2.2-8.0 24(62}'3 0.1 8  

Total Chol./HDL-chol.-ratio < 5.0 6.8±3.0
°2 3.2-22 44 (71 )

°
3 5.5±1 .9·2 2.7-1 1 21 (53)

°3 0.02 n 
)> 
;:o 

Triglycerides <2.3 mmol/L 2.2±2.3
°2 0.8-1 4 1 4 (25)-J 1 .4±0.8

°2 0.2-4.1 4 ( 10)
°3 0.02 0 

0 
V, < 
'-0 )> 

24 (39)
°
4 5 (1 3)

°4 Hypertension 0.003 n 
C 

Diastolic pressure $ 95 mmHg 90± 1 2
°5 65-140 24 (39)'6 82±1 1 •5 65-1 05 3 (8)

°6 0.003 r 
)> 
;:o 

Systolic pressure $1 50 mmHg 1 37±1 8
°5 1 1 0-1 90 22 (35)

°
6 1 23±14

°5 95-1 53 1 (3)
°
6 <0.001 s: 

0 
;:o 
IJJ 

i5 
Family history positive for 23 (37) 1 0  (25) 0.20 =i 

-< 
cardiovascular events )> 

::j 
rn 
;:o 
-l 

Smoking rn 

Former Smoker 20 (32) 10 (25) 0.43 ?'i 
C 

Current Smoker 1 9  (31 ) 9 (23) 0.37 r 
)> 
;:o 

•
1 chemotherapy group v group with stage I disease; ·2Patients using cholesterol-lowering medication not included; ·3 Including patients using cholesterol n 

)> 
lowering medication; · 4Definition: diastolic pressure > 95 mm Hg / systolic pressure > 1 50 mm Hg or the use of antihypertensive medication; •5 Patients z 

n 
using antihypertensive medication not included; •6 Including patients using antihypertensive medication rn 
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=.86). The comparison of fasting hormone levels of both the 62 chemotherapy treated 
patients and the 40 patients with stage I disease at follow-up investigation is summarized 
in table 4. Fasting glucose levels for all but one patient were normal (< 7.8 mmol/L) and 
did not differ between the two groups. Both the median insulin level and the median IGR 
as a measure for insulin resistance, however, were significantly higher in the chemother
apy group when compared with the group with stage I disease (table 4). The median tes
tosterone level in the chemotherapy group was significantly lower when compared with 
the stage I group (table 4). After adjusting for BMI the IGR correlated inversely with tes
tosterone level in the chemotherapy group (r=-0.32; P=.015) but not in the group with 
stage I disease (r= 0.18; P =.27). In the chemotherapy group a decreased testosterone 
level (<11 nmol/L) was found in six of the patients (10%), while the FSH level was ele
vated in 42 (68%)and the LH level was above normal in 12 (19%). However, the median 
FSH and LH levels did not differ significantly between the chemotherapy and stage I 
group. This indicates that subclinical Leydig-cell dysfunction still exists in both patient 
groups 10 to 20 years after treatment, although more pronounced in the chemotherapy 
group. All patients had normal thyroid-stiumulating hormone and T4 levels, though the 
median T4 level was significantly lower in the chemotherapy patients when compared 

· with that of the patients with stage I disease. 

DISCUSSION 

With the increasing number of long-term survivors of metastatic testicular cancer 
treated with cisplatin containing chemotherapy, the impact of an increased incidence of 
cardiovascular risk factors has become a matter of great concern. The results of our 
current study, which involved a follow-up of 10 to 20 years after chemotherapy feed this 
concern. In the studied cohort of 87 patients, all of whom were 30 to 50 years of age at 
the time of follow-up, five (6%) experienced major cardiac events 9 to 16 years after 
treatment. The high 0/E ratio (7.1 (95% Cl: 1.9-18.3)) for non-fatal myocardial infarction 
plus angina pectoris with proven myocardial ischemia in this cohort strongly suggests 
that, in long-term survivors of metastatic testicular cancer cured with cisplatin containing 
chemotherapy, the cardiac event rate might be elevated compared with that of the 
general population. 

Previous follow-up studies of survivors of metastatic testicular cancer have 
reported somewhat lower prevalences of major cardiac events, ranging from 0% to 3%.1 3

· 
1 5·37·40·68·69·319·327 The higher prevalence of cardiac events (6%) that we found may be 
explained by the fact that the median follow-up duration after chemotherapy in our 
study was 14 years, versus 1 to 7 years in previous studies. All cardiac events in our study, 
occurred long after chemotherapy (9 to 16 years), which illustrates the importance of a 
long follow-up duration to reveal the full impact of the chemotherapy on the 
cardiovascular status of these cancer survivors. In none of the earlier reports were 
comparisons made with incidence rates of cardiac events of the local normal population. 
Therefore, a comparison with our finding is difficult. Whether this observation of a 
greater-than-expected number of cardiac events is the result of the administered 
chemotherapy or the natural history of testicular cancer is not clear. Because the total 
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Table 4. Hormone levels in long-term survivors of testicular cancer after chemotherapy (n=62) or orchidectomy only (n=40) 

Chemotherapy group (n=62) Stage I group (n=40) 

Variable Normal value Median Range Number (%) of Median Range Number (%) of P-value 
patients with patients with 

abnormal result abnormal result 

Glucose <7.8 mmol/L 4.8 2.2-1 0 1 (2) 4.7 4.0-7.2 0(0) 0.75 

Insulin < 1 0  mU/L 1 0.5 2.9-48 34 (55) 7.7 3.3-24 1 1  (28) 0.01 3 n 
)> 
;,, 

IGR-i < 22 1 6.5 4.5-83 1 3  (22) 1 1 .7 5.6-38 4(1 0) 0.01 5 0 

0 
< 

� )> 
V, 
n 

Testosterone > 1 1  nmol/L 1 6.1 5.9-25 6(1 0) 1 8  1 0-31 1 (3) 0.023 C 
r-
)> 
;,, 

Estradiol > 0.22 nmol/L 0.1 4 0.06-0.24 3(5) 0.1 6 0.04- 5(1 3) 0.37 � 
0 

LH < 8  U/L 4.1 0.3-1 9 1 2(1 9) 3.5 1 .1 -1 4  6(1 5) 0.85 ;,, 
CD 

6 
FSH < 7  U/L 1 0.6 2.6-47 42(68) 8.8 2.5-45 24(62) 0.4 =l 

-< 
)> 
:!1 
m 
;,, 

TSH < 5 mU/L 1 .1 0.3-3.5 0(0) 0.9 0.4-2.9 0(0) 0.1 8 --l 
m 
V, 
--l 

FT4 < 9pmol/L 1 2.8 6.1 -20 3(5) 1 4.3 9.3-21 0(0) <0.001 n 
C 
r-

·, Median hormone levels of both groups were tested using the Mann-Whitney U-test. 
)> 
;,, 
n 

•2 1nsulin-to-glucose ratio )> 
z 
n 
m 
;,, 
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number of patients and events in this study is small and the interval between treatment 
and occurrence of cardiac events is long, possible confounding factors such as genetic 
predisposition for cardiovascular disease and environmental factors may have influenced 
the current observation. 

Because of the increased cardiac event rate that we found in the chemotherapy 
treated patients, additional analysis of subclinical cardiac disease was performed. 
Exercise-ECG testing and when indicated 99mTc-sestamibi scintigraphy did not reveal 
additional cases of subclinical coronary artery disease. Echocardiographic evaluation, 
however, showed evidence of a previous silent myocardial infarction in one additional 
patient. Furthermore, although the systolic left ventricular function was normal in most 
patients, 33% of the chemotherapy patients had abnormal diastolic function of the left 
ventricle which suggested early-stage cardiac dysfunction. Left ventricular diastolic 
dysfunction has been observed in several conditions, including hypertension, coronary 
artery disease and diabetic mellitus.253

•
328

•
329 The left ventricular diastolic dysfunction in 

the patients studied correlated with age and systolic blood pressure, although 
approximately one half of the patients with disturbed left ventricular diastolic function 
had normal blood pressure. The chemotherapy administered, especially the cumulative 
dosage of cisplatin, was not determined to be an important causal factor, possibly 
because it was only given in small variations in administered dosages. If the observed 
diastolic dysfunction reflects the presence of small vessel abnormalities in the 
myocardium, then this might affect the development of future cardiac events. The same 
can be stated for LVH, which is known to increase the risk of cardiac events.330

·
331 In our 

patients, LVH is probably the result of long-standing hypertension. 
It remains unresolved whether the high number of cardiac events and the observed 

echocardiographic signs of cardiac damage represent a direct toxic effect of the 
administered chemotherapy or a result of the increased incidence of cardiovascular risk 
factors or other secondary changes that occurred in this patient group. Although the 
cause-effect relationship between this type of chemotherapy and Raynaud's 
phenomenon is well established,9 the role of small vessel abnormalities in the 
pathogenesis of major cardiovascular events in these patients is not clear. Raynaud's 
phenomenon still persists up to 20 years after chemotherapy in 25% of our patients. 
Furthermore, we found that 22% of the patients whp received chemotherapy had 
microalbuminuria, which suggests endothelial damage. Because microalbuminuria has 
been identified as an independent risk factor for cardiovascular disease in large trials, this 
expression of small vessel disease might contribute to the high cardiac event rate.98

·
332 

Clustering of risk factors was found in our chemotherapy patients with 
microalbuminuria. Patients with microalbuminuria showed elevated blood pressure, 
which suggests that endothelial damage might be a pathogenic factor in the 
development of hypertension.61 

In 1992 we reported on the increased occurrence of cardiovascular risk factors in 
patients cured with chemotherapy from disseminated testicular cancer.1 5  These findings 
have been confirmed by other groups.14·

1 6
·
73 The current study demonstrates that this 

increase in risk factors persists up to 20 years after chemotherapy and may have a 
substantial influence on the development of cardiovascular events found in the present 
study. The reason these patients develop this unfavorable cardiovascular risk profile is 
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still unknown. Comparing the cardiovascular risk profile of the chemotherapy treated 
patients with stage I disease who did not receive chemotherapy revealed a significantly 
higher blood pressure, higher total cholesterol level, higher ·total cholesterol/HDL
cholesterol-ratio and higher triglyceride level in the chemotherapy group. Because both 
groups were comparable in terms of age and follow-up duration, these differences may 
be caused by the administered chemotherapy. 

Besides the direct toxicity of chemotherapy, secondary metabolic and hormonal 
changes in patients treated with chemotherapy may play a role in the development of 
cardiovascular morbidity. Elevated LH and FSH levels were found in a large portion of 
patients in both the chemotherapy group and the group with stage I disease. This 
indicates persistent Leydig-cell dysfunction. 1 5

•
91

'
92

·
94 However, in addition we found that 

testosterone levels were significantly lower in the chemotherapy treated patients, which 
suggests a more pronounced damage of gonadal function in these patients. Since the 
negative correlation between the marker of insulin resistance (IGR) and testosterone 
was demonstrated only in the chemotherapy treated patients this might be interpreted 
as a metabolic consequence of long term gonadal toxicity of the chemotherapy. The 
combination of overweight, microalbuminuria, hypertension, insulin resistance and 
dyslipidemia suggests the presence of a metabolic syndrome-X like state99 in the patients 
who were cured with chemotherapy. This combination of factors might influence the 
high incidence of cardiovascular risk factors and increased cardiac event rate observed in 
patients treated with cisplatin containing chemotherapy. 

Our results should be interpreted within the framework of a small cohort study. 
To determine with certainty why patients cured from disseminated testicular cancer can 
develop cardiovascular disease, case-control studies with healthy controls and with 
patients with testicular cancer patients have not received chemotherapy are needed. 

This study illustrates the importance of accurate long-term follow-up of patients 
who have been cured of disseminated testicular cancer with cisplatin containing 
chemotherapy. The risk of tumor relapse decreases with increasing follow-up. The risk of 
a second malignancy, however, increases gradually.333 We found that the risk of 
developing a major cardiac event is higher than expected in these young patients. The 
development of cardiovascular disease might be a·greater threat to these patients than 
developing a second malignancy. Although several pathogenic mechanisms such as 
endothelial damage, sex hormonal imbalance and insulin resistance may contribute to 
the development of cardiovascular problems in these patients, the exact mechanism is 
still unclear and needs to be unraveled so that rational intervention measures can be 
designed. Further guidelines need to be developed in the short term to prevent or treat 
cardiovascular risk factors in these patients with the ultimate goal of improving life 
expectancy. 
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We have shown in patients cured from metastatic testicular cancer that up to 20 years 
after administration of cisplatin-containing chemotherapy, circulating platinum is still 
detectable in plasma. This finding may influence the development of long-term, 
treatment-related side-effects. 

More than two decades after the introduction of cisplatin-containing chemotherapy 
for metastatic testicular cancer, this treatment remains one of the few with a high 
curative potential in disseminated cancer. The success of this therapy has resulted in 
increased survival in patients who have had testicular cancer. Therefore, the long-term 
sequelae of cytostatit treatment, such as cardiovascular problems or secondary ma
lignancies, is becoming increasingly relevant.1 5

·
333 The pathogenesis of the long-term 

sequelae of cisplatin combination chemotherapy in patients with testicular cancer has 
not yet been fully elucidated but it has been associated with prolonged retention of 
platinum in the body. 

During a long-term follow-up investigation in 61 testicular-cancer patients cured with 
cisplatin combination chem.otherapy more than 10 years previously, we measured 
plasma platinum concentrations using a sensitive assay. The median age of the pa
tients at the time of chemotherapy was 27 years (range 17-36 years). The median age 
at the time of follow-up investigation was 42 years (30-50 years), with a median fol
low-up of 14 years (10-20 years). Patients were treated with four courses of cisplatin, 
bleomycin, and vinblastine or etoposide, every 3 weeks. 17 patients additionally re
ceived maintenance therapy with vinblastine and cisplatin for a maximum of 1 year. 
The total amount of administered cisplatin per patient ranged from 350 to 950 mg/m2 

(663-1846 mg). The 44 patients without maintenance chemotherapy received a mean 
cisplatin dose of 400 mg/m2 (SD 14; range 350-450 mg/m2 [663-987 mg]), and the 17 
patients who also were treated with maintenance chemotherapy received a mean cis
platin dose of 801 mg/m2 (SD 99, range 600-950 mg/m2 [1191-1846]). Plasma plati
num concentrations in these patients were compared with those of 20 control pa
tients who were cured from stage I testicular cancer by orchidectomy without che
motherapy. The median age of the control patients at the time of orchidectomy was 
26 years (18-38 years). The median age at follow-up was 42 years (30-50 years), with a 
median follow-up duration of 14 years after orchidectomy (10-20 years). Platinum 
concentrations were measured in masked plasma samples by a sensitive procedure 
during which high-pressure decomposition of samples is followed by an adsorptive 
voltammetric measurement.334 The limit of quantification of platinum was 6 pg/g 
plasma. Measurements were done in duplicate; the coefficient of variation and day-to
day variation were 6% and 5%, respectively. 

The platinum concentrations in the plasma of the 61 patients 10-20 years after cis
platin administration were significantly higher than those of the 20 control patients 
( cisplatin group: mean platinum concentration 64 · 9 pg/g plasma [SD 24 · 5] vs control 
group: 18 patients with platinum concentrations below the limit of detection and two 
patients with platinum concentrations at the limit of detection; Mann-Whitney U test, 
p<0 · 0001; figure 1 ). In all chemotherapy patients, the plasma platinum concen-
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trations were above the limit of quantification, indicating that up to 20 years after 
treatment, there is still retention of platinum in the plasma. The concentration-time 
curve shows a gradual decline in plasma platinum concentration (figure 2). For the 61 
patients there was a significant correlation between plasma platinum concentrations 
and follow-up duration (r=-0 · 365; p=0 · 004). When adjusting for follow-up duration 
after chemotherapy, the plasma platinum concentrations correlated with adminis
tered cisplatin dose (r=0 · 61; p<0 · 001 ), as well as with creatinine clearance before 
treatment (r=-0 · 34; p=0 · 009) and at follow-up (r=-0 · 40; p=0 · 002). Although we did 
not measure urinary platinum content, one might assume that plasma clearance is the 
result of urinary platinum excretion since the kidney is the main route of cisplatin 
elimination.26 From the patients treated with 400 mg/m2 cisplatin, a half-life of 4 · 6 
years was estimated. This very long half-life suggests that part of the retained platinum 
is recirculating in the plasma between potential body stores such as the liver, bone, 
and muscle.25 

These data indicate that patients with disseminated testicular cancer, of whom 
80-90% can be cured with standard 400 mg/m2 cisplatin-containing chemotherapy, 
will be exposed to platinum for at least 20 years. Whether chronically raised platinum 
concentrations in these ex-patients will have an influence on the development of late 
toxicity and secondary malignancies is not known. Further study is needed to define 
the role of platinum retention in the late sequelae of cancer treatment, and to find 
possible ways to circumvent these effects. 
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Figure 1 .  Plasma platinum concentrations of 61 cured tes
ticular cancer patients 1 0-20 years after cisplatin com
bination chemotherapy and 20 cured testicular cancer pa
tients 1 0-20 years after orchidectomy 
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Sir--Jose R Weisinger and Eze9uiel Bellorfn-Font335 claim that after a period with a 
negative magnesium balance an e9uilibration between serum magnesium and body 
stores occurs within several weeks. Our data suggest that such an e9uilibration might 
not occur for up to 20 years after cisplatin-induced renal loss of magnesium. 

Cisplatin causes proximal-tubule damage that results in renal magnesium wasting.30 

How long this magnesium depletion persists after treatment is not known. We 
treated 50 patients with disseminated testicular cancer between 1978 and 1988. The 
patients received four courses of cisplatin-containing chemotherapy and were fol
lowed up for 20 years after treatment to assess the long-term effects of therapy. At a 
median follow-up of 14 years (range 10-20), magnesium status was examined. Since 
serum magnesium is a poor predictor of magnesium body stores, red-blood cell mag
nesium concentration was measured by an indirect method.336 Serum and red- blood 
cell magnesium concentrations were compared with a control group of 17 patients 
with testicular cancer not treated with chemotherapy. None of the patients used 
magnesium suppletion, diuretics, or known drugs that induce magnesium loss. 

We found that the mean serum concentration of magnesium of both groups did not 
differ significantly (0 · 85 [SD 0 · 08] vs 0 · 84 [0 · 07] mmol/L; normal value 0 · 75-0 · 95 
mmol/L). Five patients in the chemotherapy group had a serum concentration of 
magnesium below 0 · 75 mmol/L, whereas one of the control patients had a concen
tration below 0 · 75 mmol/L. However, the red-blood cell magnesium content in the 
group of patients 14 years after cisplatin chemotherapy was significantly lower than 
the control group (2 · 12 [0 · 19] vs 2 · 75 [0 · 35] mmol/L, p=0 · 004). 24-h urinary ex
cretion of magnesium in-the chemotherapy group showed large variation. 

Since the urinary excretion of magnesium in none of the patients was below 2 
mmol/24 h, a non-renal cause of magnesium depletion is unlikely.337 On the other 
hand, only six patients had a renal magnesium loss of more than the upper limit of 8 
mmol/24 h. No correlation could be detected between 24 h urinary magnesium ex
cretion and serum or red-blood cell magnesium concentration. These data suggest 
that, although patients who were treated 10-20 years ago with cisplatin-containing 
chemotherapy have a normal serum concentration of magnesium, there are signs that 
they are still magnesium deficient. Our data indicate that a magnesium e9uilibrium is 
not reached in cases up to 20 years after chemotherapy. 

We previously reported on the increased cardiovascular risk profile found during long
term follow-up in patients with testicular cancer cured with chemotherapy. 1 5 Whether 
the coincidence in these patients of magnesium depletion and hypercholesterolemia 
with increased bodyweight is the result of metabolic alterations secondary to defi
ciency of magnesium, as suggested by Weisinger and Bellorfn-Font, is not known. 
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SUMMARY 

Objective. To investigate left ventricular dysfunction in patients who had been treated 
with anthracycline based chemotherapy. 
Methods. Autonomic function was compared with left ventricular diastolic function in 
20 asymptomatic women with normal systolic function (left ventricular ejection frac
tion (LVEF) > 0.50) treated for breast cancer with high dose anthracycline based che
motherapy, and 20 age matched healthy controls. Left ventricular diastolic function 
was assessed echocardiographically by measuring the early peak flow velocity to atrial 
peak flow velocity ratio, isovolumic relaxation time, and deceleration time. Heart rate 
variabil ity analysis was assessed for time domain and frequency domain parameters. 
Results. The mean (SD) age of the patients was 45 (7) years and the mean LVEF was 
0.59 (0.06). The time interval after the end of chemotherapy was 29 (27) months. One 
or more diastolic variables were abnormal in 50% of the patients. Heart rate variability 
was abnormal in 85% of patients. Mean values of both time domain and frequency 
domain parameters were decreased (p < 0.05), in particular the parasympathetic indi
ces. 
Conclusions. Autonomic impairment occurs in a large proportion of asymptomatic 
patients with normal systolic left ventricular function after high dose anthracycline 
based chemotherapy. In particular, heart rate variability analysis may be a sensitive 
tool to identify the first signs of cardiotoxicity in these patients. 

INTRODUCTION 

Anthracycline induced cardiotoxicity, which may ultimately lead to congestive heart 
failure, is a well known problem in the treatment of cancer and limits the therapeutic 
use of this group of effective antineoplastic agents.2·208 However, from several studies 
it is apparent that the inclusion of anthracyclines in chemotherapeutic regimens less
ens the risk of disease progression and mortality.338·339 As a result, anthracyclines have 
been used increasingly in recent years, not only in patients with metastatic breast can
cer but also in the' adjuvant setting.340·341 Thus it is likely that cardiotoxicity will occur 
more often in the future. To optimize anthracycline treatment in the individual patient 
and to prevent cardiac injury, early detection of cardiotoxicity is needed. In many can
cer treatment protocols, cardiotoxicity is assessed by measuring left ventricular ejec
tion fraction (LVEF) by radionuclide ventriculography. However, LVEF is known to be 
a rather insensitive measure of early cardiac damage21 and several studies suggest that 
in anthracycline induced cardiotoxicity diastolic changes precede systolic dvsfunc
tion,22'255 as in other forms of heart disease.252·253 Thus the assessment of diastolic func
tion may be a better method of early detection of cardiotoxicity. 

Another method of detecting cardiotoxicity at an early stage may be the as
sessment of autonomic function. Although there has been increasing recognition in 
recent years of the role of autonomic imbalance in the pathogenesis of heart fail
ure,342·343 up to now its value in anthracycline induced cardiotoxicity has hardly been 
studied. Autonomic changes have been shown to arise al art early stage of left ven-
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tricular dysfunction and to increase with the severity of the disease.274
·343·344 Heart rate 

variability analysis is a commonly used, reliable, non-invasive tool for assessing auto
nomic function.345 

In this study we analyzed a group of asymptomatic female patients without left 
ventricular systolic dysfunction (LVEF > 0.50), who had been treated for locally ad
vanced or metastatic breast cancer with high dose anthracycline based chemotherapy 
and, in most cases, with regional radiotherapy. We hypothesized that there would be 
echocardiographic evidence of diastolic dysfunction and impairment of heart rate 
variability parameters in this population. 

METHODS 

Patient selection 
Asymptomatic (female) patients with locally advanced or metastatic breast cancer, 
who had been treated with anthracyclines (doxorubicin, epirubicin, mitoxantrone), 
were eligible for the study. These patients partly participated in a Dutch national ran
domized trial.346 None of these patients had a history of cardiac disorders, or was on 
cardiovascular drug treatment. In none of the patients was there evidence of diabetes 
mellitus or hypertension. All patients underwent cardiac evaluation, which included 
history and physical examination, radionuclide ventriculography to determine LVEF, 
echocardiography, and heart rate variability analysis. Only patients with an LVEF > 0.50 
were included. Age matched healthy women served as a control group. The study was 
approved by the medical ethics committee of the University Hospital Groningen. All 
patients gave informed consent. 

Chemotherapy regimen 
Patients received one of the following three chemotherapy regimens (table 1 ): 
(A) Four courses of 5-fluorouracil (500 mg/m2), epirubicin (90 mg/m2) ,  and cyclo
phosphamide (500 mg/m2) for induction chemotherapy, followed by cyclophospha
mide (6000 mg/m2), thiotepa (480 mg/m2), and carboplatin (1.6 g/m2) as ablative 
chemotherapy.346 

(B) Six courses of 5-fluorouracil (1 500 mg/m2) ,  methotrexate (1500 mg/m2) alter
nating with doxorubicin (SO mg/m2), and vincristine (2 mg) for induction chemother
apy, followed by mitoxantrone (60 mg/m2) plus melphalan (180 mg/m2) or mitoxan
trone (SO mg/m2) plus thiotepa (800 mg/m2) as ablative chemotherapy.347 

(C) Three courses of cyclophosphamide (1500 mg/m2) ,  epirubicin (80 mg/m2) ,  5-
fluorouracil (1500 mg/m2), three courses of cyclophosphamide (1500 mg/m2), 5-
fluorouracil (600 mg/m2) and methotrexate (1500 mg/m2), and two courses of high 
dose epirubicin (180 mg/m2) for induction chemotherapy, followed by thiotepa (800 
mg/m2) and subse9uently mitoxantrone (60 mg/m2

) and melphalan (180 mg/m2) as 
ablative chemotherapy. 
Regimen A contains intermediate dose anthracyclines, regimens B and C contain high 
dose anthracyclines (table 1 ). 
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Table 1 .  Patient characteristics of the study population. 

Treatment 

Patient Age LVEF Time since Induction Ablative Radiother. 
(years) chemother. chemother. chemother. Chest side /Gy 

(months) 

30 0.70 4 C TMM L/50 

2 51 0.54 38 B MM R/50 

3 40 0.52 48 C TMM L/70 

4 51 0.53 66 B TM L/50 

5 47 0.59 6 C TMM -/-
6 43 0.73 8 A CTC R/50 

7 55 0.60 20 A CTC L/50 

8 40 0.57 28 A CTC L/50 

9 54 0.60 1 3  A CTC R/50 

1 0  51  0.64 30 A CTC R/50 

1 1  51 0.60 1 9  A CTC L/50 

1 2  48 0.65 8 A CTC R/50 

1 3  so 0.65 1 7  A CTC R/32 

1 4  47 0.63 34 A CTC L/50 

1 5  34 0.62 21 A CTC R/50 

1 6  49 0.65 A CTC -/-
1 7  49 0.61 1 08 B MM -/-
1 8  39 0.61 54 B TM R/50 

1 9  43 0.60 2 A CTC L/50 

20 46 0.52 54 B MT L/50 

Mean (SD) 45 ( 7) 0.59 (0.06) 29 (27) 

A: chemotherapy regimen A; B: chemotherapy regimen B; C: chemotherapy regimen C; 
CTC: cyclophosphamide + thiotepa + carboplatin ; L: left side of the chest; L VEF: left ventricular ejection 
fraction; MM: mitoxantrone + melphalan ; R: right side of the chest; 
TM: thiotepa + mitoxantrone ; TMM: thiotepa + mitoxantrone + melphalan. 

Echocardiography 
To assess diastolic function, echocardiography was performed using a Vingmed CFM 
800 instrument (Sonotron, Horten, Norway), e9uipped with a 3.25 MHz transducer. 
Gain setting was optimized to a level just below background noise. Cross sectional 
images were obtained in left ventricular parasternal long axis and short axis views, and 
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apical four chamber and two chamber long axis views.348
.350 Left ventricular end dia

stolic diameter (normal mean (SD) value 47 (4) mm) and posterior wall diastolic 
thickness (normal mean value 9 mm (range 6 to 11 )) were measured as described by 
Weyman.351 For the analysis of diastolic function, early peak flow velocity / atrial peak 
flow velocity (E/A ratio), deceleration time, and isovolumic relaxation time were 
measured.22•

352 As described in previous papers, normal values are 1.9 (range 0.7 to 
3.1 ), 179 ms (range 139 to 219), and 76 ms (range 54 to 98) for age matched healthy 
women, respectively.263 

Heart Rate Variability 
All patients underwent 24 hour Holter monitoring. The results were compared with 
healthy age matched women. The data were recorded using a Mar9uette 8000 Holter 
system (Mar9uette Electronics Inc, Milwaukee, Wisconsin, USA). Tapes with more 
than 15% noise overall were excluded, and heart rate variability was analyzed only 
when sinus rhythm was present. Time and fre9uency domain parameters were calcu
lated as previously described in detail from our institution.274·

353 

Briefly, time and fre9uency domain parameters were calculated from the time 
series of RR intervals and were computed over 288 segments of five minutes for a to
tal of 24 hours recording. The following time domain parameters were measured: 
standard deviation of heart period (SDNN, ms), standard deviation of five minute 
mean values of NNs for each five minute interval (SDANN, ms), proportion of succes
sive NN differences > 50 ms (PNN50, %), and root mean square successive difference 
of NN intervals (rMSSD, ms). Frequency domain analysis was performed by using dis
crete Fourier transformation. Low frequencies (LF, 0.04 to 0.15 Hz), high frequencies 
(HF 0.15 to 0.4 Hz), and total power (TP, 0.0033 to 0.4 Hz) were calculated. 

Statistical analysis 
All values are expressed as mean (SD). The two tailed independent non-parametric 
Mann-Whitney U test was applied to compare the outcome of autonomic variables in 
patients and age matched healthy controls. A p value < 0.05 was considered statisti
cally significant. 

RESULTS 

Study population 
Twenty two consecutive asymptomatic patients attending the outpatient clinic of the 
department of medical oncology for follow up were referred for the study. Two pa
tients were found to have an LVEF of <0.50 (0.39 and 0.43, respectively) and these 
were excluded. The remaining 20 patients form the present study population. Their 
characteristics are summarized in table 1. Their mean age was 45 years (range 30 to 
55), the mean (SD) LVEF was 0.59 (0.06), and the interval from discontinuation of an
thracycline treatment to evaluation was 29 (27) months. 
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Treatment protocol 
Twelve patients received regimen A, five patients regimen B, and three patients regi
men C (table 1 ). Eight patients received mitoxantrone in regimens B and C. Seventeen 
of the 20 patients received regional radiotherapy, 32-70 Gy, after chemotherapy. In all 
cases irradiation was given with 4-6 MeV photons from a linear accelerator in fractions 
of 2 Gy to the breast or chest wall, the supraclavicular, axillary, and internal mammary 
lymph nodes. In nine patients the irradiation was given to the left side of the chest. 

Echocardiography 
The mean E/A ratio was 0.98 (0.05), range 0.6 to 1.4, and 10 of the 20 patients had an 
abnormal value (E/A ratio < 1.9). The mean deceleration time was 180 (13) ms, range 
96 to 338; the result was abnormal in three patients and all three also had an abnormal 
E/A ratio. Mean isovolumic relaxation time was 74.0 (3.5) ms, range 48 to 88; the re
sult was abnormal in only one patient who also had an abnormal E/A ratio. Therefore 
at least one of three diastolic variables was ahnormal in 10 of the 20 patients, and 10 
patients had no abnormalities. Left ventricular end diastolic diameter and posterior 
wall diastolic thickness were normal in all patients after treatment. 

Heart rate variab,Jity 
Eleven patients had no significant ventricular arrhythmia's. In three patients asymp
tomatic non-sustained ventricular tachycardia (maximum fre9uency 187 beats/min, 
maximum duration 1 second) were observed. Non-sustained supraventricular tachy
cardia (maximum fre9uency 107 heats/min, maximum duration 2 seconds) was de
tected in six patients. Of the time domain parameters, SDANN and SDNN were not 
significantly different between patients and healthy controls, p <0.90 (fig 1 ). 

In contrast, PNN50 and rMSSD were significantly lower in patients than in 
healthy controls (fig 2). For patients and healthy controls the mean PNN5O was 5.9 
(8.9)% and 8.5 (1.5)%, respectively (p < 0.05). The mean rMSSD was 24.7 (13.2) ms in 
patients and 30.9 (2.0) ms in controls (p < 0.05). 

Mean fre9uency domain parameters of heart rate variability were decreased for 
all variables; low fre9uency, high fre9uency, and total power spectrum were lower in 
patients than in controls (fig 3), p < 0.01. Mean HF was 8.7 (3.5) ms for patients v 12.6 
(0.9) ms for controls. Mean LF was 18.4 (6.6) ms for patients v 23. 7 (1.1) ms for con
trols. For the TP spectrum, the mean outcomes were 28.1 (8.7) ms and 35.6 (1.7) ms, 
respectively. Overall, 15% of the patients had normal autonomic function. However, in 
17 of the 20 patients (85%) all three fre9uency domain parameters were abnormal. 
The time domain parameters PNN50 and rMSSD were abnormal in the same group of 
patients. When the group of patients was subdivided into intermediate dose anthra
cycline containing chemotherapy (regimen A) versus high dose chemotherapy (regi
mens B or C), no differences were observed for all (time and fre9uency domain) heart 
rate variability parameters. Comparison of irradiation of the right versus the left side 
of the chest wall showed no differences for any of the heart rate variability time and 
fre9uency domain parameters. 
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Figure 1. Impact on autonomic balance for 
patients (solid) versus age matched healthy 
controls (open) (time domain HRV parame
ters). SDANN, standard deviation of the av
erages of normal RR intervals in all 5 minute 
segments of a complete 24 h recording; 
SDNN, standard deviation of all normal RR 
intervals. Error bars= SD 
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Figure 2. Autonomic impairment 
after anthracycline treatment for 
patients with breast cancer (solid) v 
age matched controls (open) (time 
domain HRV parameters). All para
meters were significantly lower for 
patients. PNNSO, percentage of 
differences between successive 
normal RR intervals greater than SO 
ms; rMSSD: the square root of the 
mean of the squared differences 
between successive normal RR in
tervals. Error bars = SD. * p< 0.05 

Figure 3. Impact on autonomic balance for 
breast cancer patients treated with anthra
cyclines (solid) v age matched controls 
(open). (frequency domain HRV parame
ters). HF, high frequency; LF, low frequency; 
TP, total power. Error bars=SD. *p< 0.05 
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frequency domain parameters. 

DISCUSSION 

The results of this study show that asymptomatic breast cancer patients with normal 
systolic left ventricular function, treated with high dose anthracycline based chemo
therapy and radiotherapy, have a high prevalence of autonomic impairment. While 
diastolic dysfunction was present in a large number of patients (50%), an even larger 
proportion (85%) of patients had autonomic abnormalities, as demonstrated by heart 
rate variability analysis. These findings suggest that heart rate variability analysis may 
be a more sensitive tool than assessment of systolic function for the early detection of 
anthracycline induced cardiac damage, although the specificity of abnormal heart rate 
variability is not known. 

As anthracyclines are increasingly used in adjuvant chemotherapy regimens for 
breast cancer, and the indications for adjuvant chemotherapy have increased,340·341 the 
development of cardiac dysfunction is likely to be an increasingly important clinical 
problem in these patients. 

The risk of inducing cardiac abnormalities - including the development of heart 
failure- even years after treatment as a result of anthracycline therapy has been rec
ognized for a long time.2·3·208·351 Suitable tests are needed to adapt chemotherapy 
schedules and monitor supportive cardiac treatment. However, a highly sensitive 
screening method that is capable of predicting cardiac dysfunction is still to be found. 

Currently, LVEF measured by radionuclide ventriculography or echocardiogra
phy is used to detect or exclude cardiac damage in cancer patients treated with an
thracyclines. However, LVEF measurement is a relatively insensitive tool for detecting 
anthracycline induced cardiotoxicity at an early stage.21 This is largely because no con
siderable change in systolic function occurs until a critical amount of morphological 
damage has been taken place. After this point deterioration proceeds rapidly and the 
prognosis is poor. 

In our patient group we observed a high prevalence of diastolic abnormalities, 
although LVEF was normal. This suggests that diastolic impairment precedes systolic 
dysfunction, in agreement with previous reports.22·255 Thus, in comparison with LVEF, 
the assessment of diastolic function by echocardiography may show cardiotoxicity in 
an earlier stage. 

A striking finding in our study was the high prevalence of autonomic dysfunc
tion, as measured by heart rate variability analysis. As in other forms of card.iac pa
thology, the role of autonomic changes in the pathogenesis of heart failure is increas
ingly recognized. Baroreceptor control of heart rate, sympathetic traffic, and heart rate 
variability have shown to be impaired in patients with mild or moderate heart fail
ure.274'354 Heart rate variability analysis has been shown to detect left ventricular dys
function in an early stage,343·344 and may also be of prognostic value in heart failure.274 
An important marker in this respect is a reduction in parasympathetically mediated 
heart rate variabilitv.342 

Heart rate variability analysis in our patient group showed that the time domain 
parameters related to parasympathetic activity (rMSSD, PNNSO) were particularly 
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likely to be abnormal; in addition, the frequency domain parameters showed a similar 
pattern of autonomic change. 

These results are in agreement with the study of Postma et al,24 who examined 
autonomic balance by heart rate variability analysis in long term survivors of malignant 
bone tumors treated with anthracyclines. Those patients also had particularly reduced 
parasympathetic activity, which correlated with the cumulative anthracycline dose. 

It is generally believed that anthracyclines do not have direct toxic effects on 
the autonomic nervous system and thus the observed abnormalities in our study 
would be considered secondary to left ventricular dysfunction. It is thought that direct 
injury to the myocytes plays a major role in anthracycline induced cardiotoxicity. Thus 
the observed abnormalities in heart rate variability in our study may be secondary to 
myocardial damage. However, if chemotherapeutic agents have a direct effect on neu
rones, the changes in heart rate variability may not reflect cardiac changes alone. 

Study limitations 
The number of patients in this exploratory study was rather small and the group of 
patients was rather heterogeneous with respect to chemotherapy regimens, irradia
tion, and time after discontinuation of chemotherapy. Given the observational design 
of the study, while the data can be used to generate new hypotheses, obviously they 
need to be confirmed in a larger, prospective study with a homogeneous population. 
Such a study is needed to clarify the prognostic role of the autonomic changes and to 
determine whether these changes may precede the diastolic changes, as suggested by 
the higher prevalence of autonomic changes than diastolic abnormalities in our study. 
Further, since our patients were all fit and normally active, the observed abnormalities 
appear to be related to previous anthracycline based chemotherapy although it can 
not be excluded that a more sedentary lifestyle resulting from the disease may lead to 
some deconditioning. 

Clinical implications 
We studied asymptomatic patients with preserved systolic left ventricular function 
who had undergone anthracycline drug treatment for breast cancer. A large propor
tion had indications of cardiac toxicity. Careful monitoring is warranted, since symp
toms might occur over time in many of these patients. Whether early pharmacological 
intervention might be beneficial is unknown and needs further study. 
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SUMMARY 

Background We evaluated in a cross-sectional design the cardiac function of 56 breast 
cancer patients 2 or more years after epirubicin-containing chemotherapy. 
Methods. Patients had been treated with either 5 cycles of 5-fluorouracil, epirubicin 
(90 mg/m2) ,  and cyclophosphamide (FEC) (group I) (n=30) or with 4 cycles of FEC 
followed by high-dose cyclophosphamide, thiotepa and carboplatin (CTC) (group II) 
(n=26). Median age was 49 (range 27-58) years, median time after start of chemo
therapy was 37 (range 24-79) m9nths. The left ventricular ejection fraction (LVEF) was 
tested by radionuclide ventriculography. Diastolic function was echocardiographically 
assessed. Holter (24-h) analysis was performed to assess the heart rate variability 
(HRV) which reflects the autonomic nervous system activity. N-terminal Atrial Natriu
retic Peptide (NT-ANP) and Brain Natriuretic Peptide (BNP) plasma levels were de
termined as biochemical markers of left ventricular dysfunction. 
Results. Of the patients 11 % had a decreased systolic function (LVEF < 0.50) and 38% 
an impaired diastolic function. HRV of the whole patient group was impaired, in par
ticular the vagal activity, compared to healthy age-matched controls. (P-5,. 0.001 ). NT
ANP was elevated in 9% of the patients, BNP in 4%. In 30% of the patients symptoms 
of mild CHF were present. These patients had a disturbed diastolic function and a re
duced HRV compared to patients without these symptoms. No difference in cardio
toxicity was found between the treatment regimens (group I and II). 
Conclusion. In a substantial part of breast cancer patients treated with a relatively low 
cumulative dose of epirubfcin mild chronic cardiotoxicity is present. Whether this will 
culminate in overt CHF needs further investigation. 

INTRODUCTION 

Over the last decades anthracycline-containing adjuvant chemotherapy in women 
with high-risk breast cancer has been shown to result in a reduction of tumor recur
rence and an improvement of survival rates, compared to regimens that do not con
tain anthracyclines. 1 7·

18 However, anthracycline-containing regimens can induce 
chronic cardiotoxicity. This feared side effect is probably related to the detrimental 
production of free radicals in the myocytes, resulting in cardiomyopathy, which can 
lead to left ventricular dysfunction and eventually to chronic heart failure (CHF).1 Ear
lier studies have reported that most cases of anthracycline-related CHF in adults usu
ally occur within one year from the last chemotherapy dose.2 However, more recent 
studies in survivors of pediatric tumors cured with anthracycline-containing chemo
therapy, have shown that CHF may not become clinical manifest until decades after 
chemotherapy.3

.
4

,
3 3  As a conse9uence of the considerable life expectancy that breast 

cancer patients nowadays have after anthracycline-containing adjuvant chemotherapy, 
attention for this late-onset CHF is becoming increasingly relevant in this patient 
group. In our opinion cardiotoxicity should not only be evaluated by the clinical end
point CHF, but also by evaluation of the cardiac function using detection techni9ues· 
which may allow identification of patients at risk in an early stage. Although determi-
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nation of the left ventricular ejection fraction is most commonly used as a measure of 
anthracycline-induced cardiotoxicity in adult oncology, its sensitivity is limited proba
bly because the systolic function is affected in a rather late stage of the disease.21 Dia
stolic dysfunction, impairment of the heart rate variability, and elevation of natriuretic 
peptides are other manifestations of cardiac dysfunction that may be earlier, more 
sensitive parameters of cardiotoxicity since they are thought to occur in an early stage 
of the disease.201 

In the current study we investigated in a cross-sectional design the presence of cardiac 
damage, by means of various detection techni9ues, in high-risk node-positive breast 
cancer patients two or more years after treatment with adjuvant chemotherapy con
sisting of 5-fluorouracil, epirubicin, and cyclophosphamide (FEC). Since the studied 
patients participated in a randomized trial comparing 5 courses of FEC with 4 courses 
of FEC followed by high-dose combination chemotherapy consisting of cy
clophosphamide, thiotepa and carboplatin (CTC), with hematopoietic stem cell res
cue, the second aim of the study was to evaluate whether high-dose chemotherapy 
gives rise to an increased probability of the occurrence of late cardiotoxicity compared 
to the standard regimen. 

METHODS 

Patients and treatment 
Patients included in our study participated in a nation wide randomized trial evaluating 
two adjuvant chemotherapy regimens.346 Eligibility criteria for this trial were: breast 
cancer patients with four or more tumor-involved axillary lymph nodes (stage II and 
1 1 1), age � 55 years and no metastases based on chest X-ray, liver ultrasound and bone 
scan. Patients were eligible for the trial after modified radical mastectomy or after 
breast conserving treatment. Patients were randomized between a standard treat
ment consisting of 5 cycles of FEC (group I) and a treatment consisting of 4 cycles of 
FEC, followed by high-dose combination chemotherapy with hematopoietic stem cell 
rescue (group II). 

Chemotherapy 
FEC chemotherapy cycles consisted of 5-fluorouracil (500 mg/m2), epirubicin (90 
mg/m2

) and cyclophosphamide · (500 mg/m2), administered three-weekly. Patients 
randomized for the high-dose regimen were treated after 4 courses of FEC with high
dose chemotherapy which consisted of cyclophosphamide (1500 mg/m2), thiotepa 
( 120 mg/m2

) and carboplatin (400 mg/m2) (CTC) daily for four days. Reinfusion of pe
ripheral blood stem cells was performed on day 7 after start of CTC. After bone mar
row recovery patients in both groups were given tamoxifen, 40 mg/day orally for two 
years. In both treatment arms chemotherapy was followed by locoregional radio
therapy. 

Radiotherapy 
Radiation therapy was started after hematological recovery from the last chemother-
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apy cycle, and was given with photons energy 6 MV and 8-1 2 MeV electrons. After 
mastectomy the target volume included the regional lymph node areas and the chest 
wal l .  The dose appl ied to the supraclavicular and axi l lary lymph node area was be
tween the 46 and 50 Gy in 23 to 25 fractions using a l inear accelerator. If the internal 
mammary lymph node area was also i rradiated, this was performed with a combina
tion of photons and electrons to decrease the dose to the heart. The chest wall was 
i rradiated with electrons, 6 to 1 0  MeV, depending on the thickness of the chest wall, 
or with two tangential fields. The doses were between 40 and 50 Gy in 20 to 25 frac
tions over 5 weeks, 5 fractions a week. If breast-conserving therapy had been per
formed, the breast was treated with two tangentia l  wedged fields in which the ips i lat
era l mammary lymph nodes were included. The dose applied to the whole field was 
50 Gy in 25 fractions. To the area of the primary tumor an extra dose of 1 6  to 20 Gy in 
eight to ten fractions was administered with 6 MV photons. The cardiac function in 
these patients was eval uated in patients who were at least 2 years after the start of the 
chemotherapy. 

Cardiac evaluation 
The cardiac eva luation included a history and physical examination with special atten
tion to signs and symptoms related to cardiac fai l u re, which were classified according 
to the New York Heart Association (NYHA)-classification.355 Furthermore, patients 
underwent an electrocardiogram, radionuclide ventriculography, echocardiography, 
24-h Holter monitoring for Heart Rate Variabil ity (HRV) analysis and analysis of plasma 
natriuretic peptides. This study was approved by the Medical Ethical Committee of 
the University Hospita l Groningen. All patients gave written informed consent. 

Electrocardiogram 
A standard 1 2-lead electrocardiogram was performed. The QT time was corrected for 
heart rate (QTc) with Bazett's formula .  A QTc interval > 440 ms was considered pro
longed. 

Radionuclide ventriculography 
Radionucl ide ventriculography was performed for the determination of the left ven
tricular ejection fraction (LVEF). Therefore, 400 MB9 Tc-99m labeled autologous red 
blood cel l s  were injected and ac9uis ition was done in 6 min with a large-field-of-view 
gamma camera with a low energy a l l-purpose paral lel-hole col l imator. A LVEF value 
between 0.50-0 .55 was  classified as  borderline, va lues below 0 .50 as abnormal .  

Echocardiography 
Echocardiograms were obtained using a Vingmed CFM 800 (Sonotron, Horten, Nor
way), e9uipped with a 3 .25 MHz transducer. Ga in setting was optimized to a level j ust 
below background noise. Two-dimensional images were obtained in the left ven
tricular parasternal long-axis and short-axis views and the apical four-chamber and two 
chamber long axis views. 
Left ventricular end d iastol ic diameter (normal va lue 47 ± 4 mm) was measured to 
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test for ventricular dilatation. For the analysis of the diastolic function the early peak 
flow veloc:ity / atrial peak flow velocity (E/A)-ratio (normal value >1 ), and the early 
peak flow deceleration time (DT) (normal < 220 ms) were measured.263 

Heart Rate Variability analysis 
HRV analysis is a well-accepted non-invasive tool to study the activity of the cardiac 
autonomic nervous system. HRV describes variations in the interval between con
secutive heartbeats as well as the oscillations between consecutive instantaneous 
heart rates.356 For this analysis all patients underwent 24-h Holter registration, using a 
Mar9uette 8000 Holter system (Mar9uette Electronics, Inc., Milwaukee, WI, USA). 
From the 24-h Holter registration, the following time domain parameters were calcu
lated as previously described356

: the mean of all normal-to-normal RR (=NN) intervals, 
(Mean NN, ms), the standard deviation of all NN intervals in 24 hours (SDNN, ms), as 
m easure-of overall HRV; the standard deviation of the average NN intervals calculated 
over 5-minute segments (SDANN, ms), as measure of long-term fluctuations; the av
erage of the 5-minute standarq deviation of the NN interval calculated over 24 hours 
(SDNN index, ms), which measures the variability due to cycles shorter than 5 min
utes; the root-mean-s9uare successive difference of RR intervals (rMSSD, ms), a 
measure of vagal mediated short-term beat-to-beat variation. Tapes with in total more 
than 15% noise were excluded and HRV was analyzed only in those patients having a 
normal sinus rhythm. In our institution we have a database of normal HRV values of 
healthy individuals which allowed us to compare the HRV values of the patients with 
the HRV values of a control group consisting of healthy age-matched females. 

Natriuretic peptides measurement 
For the determination of N-terminal atrial natriuretic peptide (NT-ANP) and brain na
triuretic peptide (BNP) blood was collected at rest into 10 ml tubes containing EDTA 
(19 mg). After sampling tubes were placed immediately in ice, and plasma was sepa
rated within 30 minutes, and subse9uently stored at -80°( till the day of analysis. NT
ANP levels were measured using a radioimmunoassay (Biotop, Oulu, Finland) and BNP 
was assessed with an immunoradiometric assay ( Shionoria, Osaka, Japan). The normal 
plasma values for NT-ANP are 150-500 pmol/1 and 1-1 o·pmol/1 for BNP. 

Statistics 
Mean values of 2 groups were compared with the two-tailed Student's t-test for nor
mal distributed variables or the Mann-Whitney-U-test for variables without normal 
distribution. Chi-s9uare test was used to compare prevalences between groups. Pear
son's correlation coefficient or the Spearman's rank-sum test was used to test correla
tions between variables. A P-value < 0.05 was considered statistically significant. 

RESULTS 

A total of 56 patients participated in this study, 30 were treated with 5x FEC (group I) 
and 26 with 4 x FEC, followed by high-dose chemotherapy (group II). The median age 
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of all p�tients at the time of treatment was 46 (range 24-55) years, in group I 47 (31-
55) and group II 46 (24-53) years. The median age of all patients at the time of follow
up investigation was 49 (range 27-58) years, in group I 51 (34-58) and group 1 1 49 (27-
57 years). The median time between the start of chemotherapy and the cardiac 
evaluation was 37 (range 24-79) months for the total group, and 38 (24-79) respec
tively 36 (24-57) months for group I and II. The cumulative dose epirubicin was 450 
mg/m2 for patients in group I and 360 mg/m2 in group II. The surgical treatment con
sisted in 43 patients of mastectomy, and in 13 patients of breast conserving surgery. 
Twenty-six patients were irradiated to the left side of the chest, and 30 patients to the 
right side. 

History and physical examination 
Before the start of chemotherapy none of the patients had cardiac disease or cardiac 
complaints. At the time of cardiac evaluation, 17 (30%) had exertional dyspnea (NYHA 
class II), 7 in group I and 10 patients in group II. None of the evaluated patients had 
NYHA class Ill or IV symptoms. For the prevalence of exertional dyspnea no difference 
was found between group I and group II. None of the patients was anemic (mean he
moglobin level: 8,2 ± 0.6 mmol/1). None of the patients in this study was using medi
cation for CHF. Because of hypertension three patients were using a beta-adrenergic 
blocker, and two patients an angiotensin-converting enzyme inhibitor. Eleven patients 
were still on tamoxifen at the time of cardiac evaluation. None of the evaluated pa
tients had apparent clinical signs of CHF on physical examination. 

Electrocardiography (ECG) 
In 51 patients an ECG was recorded. In three cases non-specific T-wave abnormalities 
were found, and one patient had an incomplete left bundle branch block. A prolonged 
QTc interval (>440 ms) was found in 11 (20%) patients. This involved 6 of the 27 pa
tients in group I and 5 of the 24 patients in group II. 

Radionuclide ventriculography 
Fifty-four of the 56 patients underwent radionuclide ventriculography for LVEF de
termination. Two patients refused this investigation but they did participate in the 
other cardiac evaluations. The results are summarized in table 1. The mean LVEF in 
these 54 patients was 0.57 (range 0.39-0.73). The mean LVEF was not statistically dif
ferent between group I and II. Thirty-two patients (59%) had a normal LVEF (>0.55), 18 
(62%) in group I and 14 (56%) in group I I. Sixteen (30%) had a borderline LVEF (0.50-
0.55), 9 (31 %) in group I and 7 (28%) in group II. A decreased LVEF value (<0.50) was 
observed in 6 (11 %) of the patients, 2 (7%) in group I and 4 (16%) in group II (n.s.). 

Echocardiography 
Good quality echocardiograms could be obtained in 53 of the 56 patients. In three 
patients this determination was hampered by obesity. Assessment of the diastolic 
function in these 53 patients revealed a mean E/A-ratio of 1, 1 (range 0.7-2,5), and a 
mean DT of 170 (range 90-352) ms. For none of these parameters a difference was 
found between group I and I I. The E/A-ratio was disturbed in 20 (38%) of the patients, 
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Table 1 .  Results of the cardiac evaluation using different detection techniques 

Detection technique Total 1 Group 1 2 Group II 2 P-value 3 

Radionuclide ventriculography n=54 n=29 n=25 

LVEF 0.57 (0.39-0.73) 0.58 ± 0.6 0.57 ± 0.9 ns 

Nr. of pts. with LVEF 0.50-0.55(%) 1 6  (30%) 9 (31 %) 7 (28 %) ns 

Nr. of pts. with L VEF < 0.50 (%) 6 (1 1 %) 2 (7%) 4 (1 6%) ns 

Echocardiography n=53 n=30 n=23 

LVEDD (mm) 45 (32-59) 45 ± 6 45 ± 5 ns 

E/A-ratio 1 .1 (0.7-2.5) 1 .1 ± 0.4 1 .1 ± 0.3 ns 

Nr. of pts. with E/A ratio < 1 (%) 20 (38%) 1 3  (43%) 7 (30%) ns 

DT (ms) 1 70 (90-352) 1 80 ±  49 1 70 ± 37 ns 

Natriuretic peptides n=54 n=30 n=24 

N-terminal ANP pmol/1 353 (1 60-91 0) 330 ± 1 20 380 ± 1 70 ns 

N-terminal ANP > 500 pmol/1 5 (9%) 2 (7%) 3 (1 3%) ns 

BNP pmol/1 3.8 (0.6-51 .1 ) 2.9 ± 2.5 5.0 ± 1 0.6 ns 

BNP > 1 0  pmol/1 2 (4%) 0 (0%) 2 (8%) ns 

1Data expressed as: mean (range); 2 Data expressed as: mean ± SD; 3 comparison of group I and II; LVEF = 
left ventricular ejection fraction; LVEDD= Left ventricular end diastolic diameter; E/A-ratio = early peak 
flow velocity / atrial peak flow velocity - ratio ; DT = deceleration time; ANP = atrial natriuretic peptide; 
BNP = Brain natriuretic peptide. 

13 (43%) patients in group I and 7 (30%) in group II (n.s.). 

Natriuretic peptides 
Natriuretic peptides could be determined in 54 patients. A mean NT-ANP of 350 
(range 160-910) pmol/1 and a mean BNP plasma level of 3.8 (range 0.6 - 51.1) pmol/1 
were found. The NT-ANP plasma level was elevated in 5 (9 %) patients, whereas BNP 
was elevated in 2 (4%) patients. None of the patients with elevated N-ANP, or BNP 
levels had an abnormal LVEF. 

Heart rate variability analysis 
All 56 patients underwent 24-h Holter-monitoring. For HRV analysis .6 registrations 
were excluded because of fs-adrenergic blocker use (three patients) and because of 
the presence of supraventricular ectopy (three patients). The results of the HRV analy
sis are summarized in table 2. No difference . in any of the HRV parameters could be 
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detected between group I and group II (results not shown). Compared to the age
matched healthy females patients had a higher mean heart rate and all HRV parame
ters reflecting short-term vagal mediated fluctuations, including the SDNN-index and 
the rMSSD, were reduced. The SDNN and SDANN, that are more related to the sym
pathetic activity, did not differ from the control group. 

Table 2. Heart rate variability in breast cancer patients versus healthy age-matched controls 

Patients Controls P-value 

Number so so 

Age (yrs) 48 ± 7 48 ± 7 ns 

Heart rate (bpm) 83 ± 7  76 ± 8 < 0.0001 

Mean NN (ms) 722 ± 63 799 ± 82 < 0.0001 

SDNN (ms) 1 36 ±  32 1 45 ± 39 ns 

SDANN (ms) 1 27 ±  31 1 27 ±  35 ns 

SDNN-index (ms) 48 ± 1 4  59 ± 1 6  0.001 

rMSSD (ms) 25 ± 1 1  36 ± 1 6  < 0.0001 

Bpm: beats per minute; Mean NN: Mean of all NN-intervals; SDNN: standard deviation of all NN
intervals; SDANN: standard deviation of the average NN-intervals computed over 5-minute segments; 
SDNN-index: average of all standard deviations of NN-intervals computed over 5-minute segments; 
rMSSD: root mean square of successive d ifferences of NN intervals 

Correlations between the different detection techniques 
No _correlation was found between the LVEF value determined by radionuclide ven
triculography and any of the echocardiographically assessed parameters of diastolic 
function, nor with the natriuretic peptides, nor with any of the HRV parameters. After 
adjusting for age, significant correlations were found between the E/A-ratio and HRV 
parameters including SDNN (r =0.42 ; P= 0.003), SDANN (r=0.44 ; P= 0.002) and the 
SDNN-index (r =0.33 ; P= 0.026). 

Left- versus right-sided radiotherapy 
No difference was found in the mean LVEF between patients irradiated to the left side 
of the chest compared to those irradiated to the right side of the chest. The mean E/A
ratio did not differ, but patients treated with left-sided radiotherapy had a longer DT 
(194 ± 54 ms v. 162 ± 35 ms; P.=0.02) compared to patients treated with right-sided 
radiotherapy. Between these groups no difference was found in HRV parameters, nor 
in the plasma levels of natriuretic peptides. 

Patients with complaints of exertional dyspnea 
The results of the cardiac evaluation of patients with exertional dyspnea (n= 17 of 56; 
30%) compared with the results of the patients without these complaints are summa-
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rized in table 3. None of these patients received medication for CHF. Patients with 
complaints of exertional dyspnea had a higher body mass index than patients without 
these complaints (27.6 ± 4.1 v. 25.2 ± 3.1 kg/m2). There was no difference in age, or 
time after chemotherapy between patients with and patients without complaints of 
exertional dyspnea. The LVEF was not lower in patients with complaints of exertional 
dyspnea. However, patients with exertional dyspnea had a lower E/A-ratio and a 
longer OT, indicating an impaired diastolic left ventricular function. Furthermore, all 
HRV parameters in these patients were reduced compared to patients without these 
complaints. 

DISCUSSION 

The implication of anthracyclines in adjuvant chemotherapy regimens for breast can
cer has been shown to be effective, however, concern exists about the risk of late car
diotoxicity. In this cross-sectional study we have evaluated the cardiac function of 56 
high-risk breast cancer patients 24 to 79 months after start of chemotherapy that con
s isted of 5 cycles of FEC or 4 cycles of FEC followed by high-dose chemotherapy. In 
spite of the relative low cumulative dose epirubicin used in this study, namely 360-450 
mg/m2, we found signs of cardiotoxicity in a substantial part of the patients including a 
decreased systolic left ventricular function in 11 % of the patients and an impaired dia
stolic left ventricular function in 38%. In addition, the HRV of the patients was reduced 
compared to healthy age-matched females. Moreover, 30% of the patients had com
plaints of exertional dyspnea. These patients were characterized by a worse diastolic 
function and an impaired HRV compared to patients withqut these complaints. In this 
study we did not find a difference in any of the cardiac parameters between the high
dose regimen and the standard regimen, despite the use of high-dose cyclophospha
mide which may also have cardiotoxic side-effects and has been suggested as a risk
factor for anthracycline-cardiotoxicity. 1 1 3·1 1 4 Our findings suggest that the high-dose 
regimen as used in this study did not contribute to an increase in late cardiotoxicity. 
This is in agreement with the data of Erselcan et al in which cardiotoxicity was evalu
ated with antimyosin scintigraphy in patients treated with 3 courses of FEC followed 
by CTC.Js1 

No apparent effect could be detected of left- and right-sided irradiation of the 
chest, although a negative effect of i rradiation on the diastolic function was suggested 
by the longer deceleration time found in the patients who were treated with left-sided 
radiotherapy. Irradiation by itself can induce various cardiac abnormalities, including 
pericarditis, valvular abnormalities and coronary artery disease.1 33 Although cardiac 
irradiation has been suggested as an additional risk factor for the development of an
thracycline-induced cardiotoxicity, 1 67·1 75 it is questionable whether this applies also to 
modern irradiation techniques that makes use of smaller daily fractions and expose 
usually only a small volume of the heart to irradiation.358 

The risk of late cardiotoxicity after anthracycline-containing adjuvant chemo
therapy for breast cancer is still uncertain, due to a still limited follow-up and a re
stricted number of studies that have focussed on this issue. A recent study by Shapiro 
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Table 3. Patients with, versus patients without complaints of exertional dyspnea 

Characteristic Pts. with Pts. without P-value 

exertional dyspnea exertional dyspnea 

Number 1 7  39 ns 

Age (yrs) 49 ± 8  47 ± 7  ns 

Time after chemotherapy (months) 35 ± 1 0 39 ± 1 0  

Radionuclide ventriculography 

LVEF 0.57 ± 0.8 0.58 ± 0.7 ns 

Echocardiography 

LVEDD (mm) 45 ± 6  45 ± 5  ns 

E/A-ratio 1 .0 ± 0.3 1 .2 ± 0.4 0.005 

DT (ms) 1 96 ±  52 1 64 ± 38 0.003 

Heart rate variability 

Heart Rate (beats/min) 85 ± 7  82 ± 8  ns 

Mean NN (ms) 707 ± 65 733 ± 65 0.01 

SDNN (ms) 1 1 7  ± 23 1 44 ±  38 -0.01 

SDANN (ms) 1 08 ± 23 1 34 ± 37 0.01 

SDNN-index (ms) 42 ± 1 0 52 ± 1 7  0.02 

rMSSD (ms) 20 ± 8  28 ± 1 2  0.01 

Natriuretic peptides 

N-terminal ANP (pmol/1) 409 ± 1 65 338 ± 1 32 ns 

BNP (pmol/1) 5.7 ± 1 2.7 3.2 ± 2.9 ns 

LVEF = left ventricular ejection fraction; E/A-ratio = early peak flow velocity / atrial peak flow velocity 
ratio; DT = deceleration time; Mean NN: Mean of all NN-intervals; SDNN: standard deviation of all NN
intervals; SDANN: standard deviation of the average NN-intervals computed over 5-minute segments; 
SDNN-index: average of all standard deviations of NN-intervals computed over 5-minute segments; 
rMSSD: root mean square of successive differences of NN intervals; ANP = atrial natriuretic peptide; 
BNP= brain natriuretic peptide. 
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et al. showed that the risk of anthracycline-related cardiotoxicity was elevated in pa
tients treated with a high-dose cyclophosphamide-doxorubicin (CA) regimen (cumu
lative dose doxorubicin 450 mg/m2) compared to patients treated with a low dose CA 
regimen (cumulative dose doxorubicin 225 mg/m2). This elevated risk was not only 
found within the first year after treatment, but also 1 till 10 years after treatment.167 
The cumulative dose epirubicin (360-450 mg/m2) that our study patients received is 
considered safe with respect to cardiotoxicity.150·213  However, also in patients treated 
with relatively low cumulative epirubicin doses, structural abnormalities in endomyo
cardial biopsies characteristic for anthracycline-cardiotoxicity, including myofibril lysis, 
dilatation of the sarcoplasmatic reticulum and mitochondrial changes have been ob
served.359 Despite the relatively low cumulative dose epirubicin adn:,inistered in the 
current study, we observed signs of cardiac damage. Obviously, from a study with a 
cross-sectional design without endomyocardial biopsies it can not be stated with cer
tainty that the cardiac abnormalities in all patients have been caused by the chemo
therapy. However, 30% of the patients experienced exertional dyspnea that was not 
present before chemotherapy and these patients had an impaired diastolic left ven
tricular function, and an impaired HRV compared to patients without these com
plaints. It seems therefore plausible that at least a part of the cardiac abnormalities 
observed has been induced by chemotherapy. 

Concerning the patients with complaints of exertional dyspnea, our findings il
lustrate that these complaints may not always be caused by systolic dysfunction. The 
severity of systolic dysfunction, i.e. LVEF, has been reported to correlate only weakly 
with exercise capacity or symptom status.360.361 In the current study only one of the 
patients with an abnormal LVEF complained of exertional dyspnea. In addition, the 
average LVEF of the patients with complaints of exertional dyspnea did not differ 
compared to the patients without these complaints. However, in patients with com
plaints of exertional dyspnea we found an impaired diastolic function. It is increasingly 
recognized that diastolic dysfunction itself can cause symptomatic CHF in patients 
with preserved systolic function.362.363 Diastolic dysfunction can be considered as an 
early manifestation of anthracycline-induced cardiac damage that may precede sys
tolic dysfunction.22·364 How anthracyclines affect the diastolic function of the heart is 
speculative. Since the myocardial relaxation during the diastole is partly an active en
ergy consuming process,365 anthracycline-induced damage at the mitochondrial level 
of the myocytes may give rise to diastolic dysfunction. Furthermore, replacement of 
damaged myocytes by fibrous tissue may also affect the relaxing properties of the 
myocardium. Whether the patients with diastolic dysfunction in the present study will 
also develop systolic dysfunction in the future needs further follow-up. 

HRV analysis in this study was performed to study the cardiac autonomic nervous 
system activity. HRV is reduced in patients with CHF from any cause and a reduced 
HRV is a negative predictor of impaired survival.274 Previously we and others observed 
an impairment of the autonomic function as measured by HRV after anthracycline 
chemotherapy,24·264 and recently also after paclitaxel containing chemotherapy.366 
Comparison of the HRV of the patient group with an age-matched control-group 
showed an impaired HRV in the patient group, particularly in the parameters that re
flect the vagal activity. Within the patient group patients with complaints of exertional 
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dyspnea showed the worst HRV. We found no correlation between the LVEF and HRV, 
but an age-independent positive correlation was found between the HRV and the dia
stolic function, suggesting that the reduction of HRV in these patients may be related 
to an impaired diastolic function. 
Analysis of the natriuretic peptides showed an elevated NT-ANP in 9% of the patients 
and an elevated BNP level in 4%. NT-ANP is mainly secreted by the atria in response to 
an increased stretch as a result of an increased left-atrial pressure, whereas BNP is 
mainly produced by the ventricles in response to ventricular dilatation and increased 
wall stress. Plasma levels of both peptides are elevated in both symptomatic and 
asymptomatic patients with left ventricular systolic dysfunction from other 
causes.367

·
368 It has been suggested by some studies that natriuretic peptides may be 

useful early markers of anthracycline-induced cardiotoxicity.276·278·279 In the present 
study patients elevations of NT-ANP and BNP levels were not associated with systolic 
dysfunction. Whether these patients are at risk of developing CHF in the long-term is 
uncertain and needs further follow-up. 

In summary, although in this study breast cancer patients were treated with rela
tively low cumulative doses of epirubicin, we found indications for mild chronic cardi
otoxicity in a substantial part of the patients, particularly in patients with complaints of 
exertional dyspnea. Patients with exertional dyspnea were characterized by an im
paired diastolic function and a reduced HRV. Patients with these complaints might 
benefit from medication such as angiotensin-converting enzyme inhibitors, although 
this remains to be proven. Whether the affected patients do have an increased risk for 
severe CHF in the long-term needs further follow-up. 
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SUMMARY 

Purpose. The aim of this study was to evaluate prospectively the cardiotoxic effects of 
epirubicin containing adjuvant chemotherapy in breast cancer patients. 
Patients and methods. Patients (median age 46 years, range 28-55 years) were treated 
with 5 cycles of 5-fluorouracil, epirubicin (90 mg/m2), and cyclophosphamide (FEC) 
(group I) (n=21) or with 4 cycles of FEC followed by high-dose chemotherapy con
sisting of cyclophosphamide, thiotepa and carboplatin (CTC) (group II) (n=19), in both 
groups followed by locoregional radiotherapy. Cardiac evaluation was performed be
fore the start of chemotherapy (TO), 1 month after chemotherapy (T1 ), 1 month after 
radiotherapy (T2) and 1 year after start of chemotherapy (T3). Cardiac evaluation con
sisted of determination of: the left ventricular ejection fraction (LVEF) by radionuclide 
ventriculography; echocardiograpic determination of the diastolic function, 24-hour 
ECG registration for heart rate variability (HRV) analysis to assess the autonomic func
tion; assessment of the QT c and determination of N-terminal Atrial Natriuretic Pep
tide (NT-ANP) and Brain Natriuretic Peptide (BNP) as biochemical markers of cardiac 
dysfunction. 
Results. None of the patients developed overt congestive heart failure. In the total 
group the mean LVEF declined from 0.61 at TO to 0.54 at T3 (p=0.001 ), resulting in a 
LVEF below 0.50 (range 0.42-0.49) in 17% of the patients, whereas 28 % had a decline 
of more than 0.10. Plasma NT-ANP levels increased gradually from 237 pmol/1 at TO to 
347 pmol/1 at T3 (p<0.01) whereas plasma BNP levels increased from 2.9 pmol/1 to 5.1 
pmol/1 (p=0.04). Mean QTc increased from 406 ms at TO to 423 ms at T3 (p<0.01 ). No 
persistent alterations were found in the diastolic function and HRV. 
Conclusion. Treatment with relatively low doses epirubicin in adjuvant chemotherapy 
for breast cancer results in mild subclinical myocardial damage, as demonstrated by a 
decline in LVEF, an increase in the levels of natriuretic peptides and an increase in QT c. 
These changes may have no serious conse9uences in the short-term but in the long
term some patients may be at an increased risk for development of congestive heart 
failure. 

INTRODUCTION 

Anthracyclines such as doxorubicin and epirubicin, nowadays increasingly used in the 
adjuvant treatment, have improved the prognosis of patients with locally advanced 
breast cancer.1 7

·
1 8  Attention for long-term side effects of the treatment is therefore 

becoming more important. The most serious side effect of anthracyclines is chronic 
cardiotoxicity, which can culminate in congestive heart failure (CHF).31 Although the 
majority of cases of CHF becomes clinical overt within the first year after discontinua
tion of cheniotherapy,2 in some patients this may take many years.3

·
33 The risk of the 

late-onset CHF in breast cancer patients treated with ant�racyclines is uncertain be
cause of the still limited follow-up of these patients. Prospective evaluation of the car
diac function may help to identify patients at risk in an early stage and provides in
formation on the risk of CHF in the long-term. Anthracycline cardiotoxicity is most 
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commonly assessed by determination of the left ventricular ejection fraction (LVEF) 
by radionuclide ventriculography, although its sensitivity and specificity for early de
tection of cardiotoxicity is limited.21 Since in the development to CHF several other 
physiological changes occur that may precede or coincide systolic dysfunction, as
sessment of these changes may be useful to detect cardiotoxicity probably in an ear
lier stage.201 

The aim of the current study is to evaluate prospectively the cardiotoxic effects 
of epirubicin containing adjuvant chemotherapy in breast cancer patients by means of 
various detection techniques. In addition to the assessment of the LVEF, echocardi
ography was performed for the determination of various cardiac parameters including 
the diastolic function. This is of interest since diastolic dysfunction is thought to pre
cede systolic dysfunction.22·23·255 Furthermore, heart rate variability (HRV) analysis was 
studied as measurement of the assessment of the autonomic activity. HRV is reduced 
in patients with heart failure from any cause, and this reduction of HRV also occurs in 
an early stage of CHF. 274·344 Furthermore, the plasma levels of the natriuretic peptides 
N-Terminal Atrial Natriuretic Peptide (ANP) and Brain Natriuretic Peptide (BNP) were 
determined. These biochemical markers of cardiac dysfunction are secreted by the 
atria respectively the ventricles in response to an increased wall pressure.368 An elec
trocardiogram was obtained to investigate the usefulness of the QT time corrected 
for heart rate (QTc), since prolongation of the QTc has been suggested as a measure 
of anthracycline-induced cardiotoxicity.244 

METHODS 

Patients and treatment 
Between september 1997 and june 1999 all consecutive patients who participated in a 
nation wide randomized trial evaluating two adjuvant chemotherapy regimens,346 

were also asked for prospective evaluation of the cardiac function. Eligibility criteria 
for the randomized trial were: breast cancer with four or more tumor-involved axillary 
lymph nodes (stage II and Ill), age :<:;; 55 years and no metastases based on chest X-ray, 
liver ultrasound and bone scan. Patients were eligible for the trial after modified radical 
mastectomy or after breast conserving treatment. Patients were randomized between 
a control treatment arm consisting of 5 cycles of FEC (group I) and an arm containing 
4 cycles of FEC, followed by high-dose combination chemotherapy with hema
topoietic stem cell rescue (group II). 

Chemotherapy 
FEC chemotherapy cycles consisted of 5-fluorouracil (500 mg/m2), epirubitin (90 
mg/m2) and cyclophosphamide (500 mg/m2), administered three-weekly. Patients 
randomized for the high-dose regimen were treated after 4 courses of FEC with high
dose chemotherapy which consisted of cyclophosphamide (1500 mg/m2

) ,  thiotepa 
( 1 20 mg/m2

) and carboplatin (400 mg/m2
) (CTC) daily for four days. Reinfusion of pe

ripheral blood stem cells was performed on day 7 after the start of CTC. After bone 
marrow recovery patients in both groups were given tamoxifen, 40 mg/day orally for 
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two years. 

Radiotherapy 
In both treatment arms chemotherapy was followed by locoregional radiotherapy. 
Radiation therapy was started after hematological recovery from the last chemother
apy cycle, and was administered with photons energy 6 MV and 8-12 MeV electrons. 
After mastectomy the target volume included the regional lymph node areas and the 
chest wall. The dose applied to the supraclavicular and axillary lymph node area was 
between the 46 and 50 Gy in 23 to 25 fractions using a linear accelerator. If the inter
nal mammary lymph node area was also irradiated, this was performed with a combi
nation of photons and electrons to decrease the dose to the heart. The chest wall was 
irradiated with electrons, 6 to 10 MeV, depending on the thickness of the chest wall, 
or. with two tangential fields. The doses were between 40 and 50 Gy in 20 to 25 frac
tions over 5 weeks, 5 fractions a week. If breast-conserving therapy had been per
formed, the breast was treated with two tangential wedged fields in which the ipsilat
eral mammary lymph nodes were included. The dose applied to the whole field was 
50 Gy in 25 fractions. To the tumor bed a boost of 1 6  to 20 Gy in eight to ten fractions 
was administered with 6 MV photons. 

Cardiac evaluation 
The cardiac evaluation was performed at the following points of time: before start of 
chemotherapy (TO), one month after chemotherapy but before radiotherapy ( T1 ), 
one month after completion of the radiotherapy (T2) and one year after the start of 
chemotherapy (T3). The cardiac evaluation included a history and physical examina
tion with special attention to signs and symptoms related to CHF. At all four points of 
time the cardiac function was assessed by the following techniques: echocardiogra
phy, a 24-h Holter monitoring for HRV analysis, determination of plasma natriuretic 
peptides, and electrocardiography. At TO and T3 patients also underwent a radionu
clide ventriculogram. The study was approved by the Medical Ethical Committee of 
the University Hospital Groningen, the Netherlands. All patients gave written in
formed consent. 

Radionuclide ventriculography 
Radionuclide ventriculography was performed for the determination of the left ven
tricular ejection fraction (LVEF). Therefore 400 MBq Tc-99m labeled autologous red 
blood cells were injected and acquisition was performed in 6 min with a large-field-of
view gamma camera with a low energy all-purpose parallel-hole collimator. A LVEF 
less than 0.50 was considered abnormal. A decrease in LVEF of more than 0.10 was 
considered to indicate significant cardiotoxicity. 

Echocardiography 
Echo�ardiograms were performed using a Vingmed CFM 800 (Sonotron, Horten, 
Norway), equipped with a 3.25 MHz transducer. Gain setting was optimized to a level 
just below background noise. Two-dimensional images were obtained in the left ven
tricular parasternal long-axis and short-axis views and the apical four-chamber and two 
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chamber long axis views. 
For the analysis of diastolic function the following parameters were measured: early 
peak flow velocity / atrial peak flow velocity (E/A)-ratio (normal value > 1) , the decel
eration time of the early peak flow (DT) (normal value < 220 ms) and the isovolumic 
relaxation time (IVRT) (normal value < 100 ms). Left ventricular end diastolic diameter 
(normal value 47 ± 4 mm) was measured to test for ventricular dilatation.263 

Heart Rate Variability analysis 
H RV analysis, a well-accepted non-invasive tool to study the activity of the cardiac 
autonomic nervous system measures the variations in the interval between consecu
tive heartbeats.356 For HRV analysis all patients underwent 24-h Holter registration, 
using a Mar9uette 8000 Holter system (Mar9uette Electronics, Inc., Milwaukee, WI, 
USA). From the 24-h Holter registration, the following time domain parameters were 
calculated as previously described356

: the standard deviation of all normal intervals 
(NN) in 24 h (SDNN, ms); the standard deviation of the average NN intervals calcu
lated over 5-min segments (SDANN, ms); the average of the 5-min standard deviation 
of the NN interval calculated over 24 h (SDNN index, ms); the root-mean-s9uare suc
cessive difference of RR intervals (rMSSD, ms). Fre9uency domain analysis was per
formed by using discrete Fourier Transformation. Low fre9uency power (LF; 0.04-0.15 
Hz), high fre9uency power (HF; 0.15- 0.4 Hz) and Total Power (TP; 0.0033-0.4 Hz) 
were calculated. Of LF, HF and TP the s9uare root was taken to obtain a normal distri
bution, and therefore these variables are presented in ms (as opposed to ms2). Tapes 
with more than 15 % noise or ectopy were excluded and HRV was analyzed only in 
those patients having a normal sinus rhythm. 

Electrocardiogram 
A standard 12-lead electrocardiogram was recorded. The QT time was corrected for 
heart rate (QTc) with Bazett's formula (QTc= QT/✓RR). A QTc time more than 440 ms 
was considered prolonged. 

Natriuretic peptides 
For the determination of N-Terminal ANP (NT-ANP) and BNP blood was collected at 
rest into 10 ml tubes containing EDTA (19 mg). After sampling, tubes were placed 
immediately in ice, and plasma was separated within 30 minutes, and subse9uently 
stored at -80°( till the day of analysis. NT-ANP levels were measured using a radio
immunoassay (Biotop, Oulu, Finland) and BNP was assessed with an immunoradi
ometric assay ( Shionoria, Osaka, Japan). The normal plasma values for NT-ANP are 
1 50-500 pmol/1 and for BNP 1-10 pmol/1. 

Statistics 
Quantitative variables were compared between two groups using an unpaired t-test 
for normally distributed variables or Wilcoxon two-sample test for skewedly distrib
uted variables. For comparisons between more than two groups, an F-test or a 
Kruskal-Wallis test was used as appropriate. Normally distributed variables are re
ported as mean ± SD. Skewedly distributed variables are reported as median and 

97 



CHAPTER 9 

range (min-max). A 3-way ANOVA model was constructed to evaluate the effect of 
heart frequency on the E/A-ratio. By means of a 2-way ANOVA model the course of 
cardiac parameters over the points of time were compared between patients who had 
a LVEF decline of more than 0.10 or a LVEF of less than 0.50 at T3 versus the patients 
with a decline of less than 0.10 and a LVEF of more than 0.50 at T3. Correlations be
tween variables were calculated using Pearson's or Spearman correlation coefficient 
test as appropriate. All p-values are two-sided and a p-value < 0.05 was considered 
statistically significant. To correct for multiple comparisons, a Bonferroni correction 
was used. SAS version 6.12 (Cary, NC) was used for all statistical evaluations. 

RESULTS 

In total 50 consecutive patients were asked for the cardiac evaluation of whom 40 
agreed to participate. A total of 40 patients participated in this study, 21 were treated 
with 5x FEC (group I) and 19 with 4 x FEC, followed by high-dose chemotherapy 
(group II). The cumulative dose epirubicin in group I was 450 mg/m2 and in group II 
360 mg/m2 . The median age of all patients at the time of treatment was 46 (range 28-
55) years. No difference was found in age between group I and I I  (group I: 48 (28-55) 
years vs. group II : 46 (35-53) years; p=NS). 
In group 1 15 of the 21 (71 %) patients were treated with mastectomy and 6 (29%) with 
breast conserving surgery, whereas in group II 18 of the 19 (94%) patients were 
treated with mastectomy and 1 (6%) patient with breast conserving surgery. In group I 
13 of the 21 (62%) patients were irradiated to the left side of the chest, and 8 (38%) to 
the right side. In group 1 1 12 of the 19 (63%) patients were irradiated to the left side of 
the chest, and 7 (37%) to the right side. None of the patients was known to have car
diac disease at the start of chemotherapy. Two patients had long-standing hyperten
sion for which they were treated with an angiotensin converting enzyme inhibitor and 
a calcium-blocker respectively. Two patients did not complete the cardiac evaluation 
because of tumor recurrence. Of these one patient participated only at TO and T1, 
whereas the other participated at TO, T1 and T2. Furthermore, some data are missing 
due to logistic or technical reasons. · 

Cardiac evaluation 

None of the patients developed clinically apparent CHF within the first year after 
treatment. 
Systolic and diastolic blood pressures did not change from TO to T3 and no differences 
were found between group I and I I .  The mean sytolic blood pressure for the whole 
group at TO was 127 ± 14 mm Hg vs. 125 ± 14 mmHg at T3 (p=NS), whereas the dia
stolic blood pressure at TO was 80 ± 7 mm Hg vs. 78 ± 10 mm Hg at T3 (p=NS). Table 1. 
summarizes the results of the cardiac evaluation at TO and T3. 

Radionuclide ventriculography 
In 39 patients a LVEF determination was performed at TO and in 35 patients at T3. The 
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Table 1 .  Cardiac function of breast cancer patients before and one year after chemotherapy 

Total group I group II 

Detection technique TO T3 TO T3 TO T3 

Radionuclide ventriculography 

Left ventricular eiection fraction 0.61 ± 0.08 0.54 ± o.oc 0.63 ± 0.07 0.55 ± 0.06- 0.59 ± 0.07 0.53 ± 0.06
° 

Echocardiography 

E/A-ratio 1 .24 ± 0.26 1 . 1 7  ± 0.26 1 .25 ± 0.31 1 .23 ± 0.27 1 .23 ± 0.2 1 .1 1  ± 0.25 
Deceleration time (ms) 1 76 ± 39 1 87 ± 36 1 80 ± 43 1 95 ± 40 1 71 ± 35 1 77 ± 29 
lsovolumic relaxation time (ms) 82 ± 1 4  7 9  ± 1 3  84 ± 1 5  80 ± 1 2  78 ± 1 4  77 ± 1 4  

Heart Rate Variability 

SDNN (ms) 1 35 ± 37 1 34 ± 40 1 36 ± 34 1 41 ± 33 1 33 ± 41 1 24 ± 47 
SDANN (ms) 1 21 ± 37 1 29 ± 36 1 23 ± 35 1 29 ± 31 1 1 9  ± 40 1 27 ± 43 

'° SDNN-index (ms) 55 ± 1 5  so ± 1 5  56 ± 1 6  5 2  ± 1 5  53 ± 1 5  48 ± 1 5  
'° RMSSD (ms) 30 ± 1 4  2 7  ± 1 3  30+14 28 ± 1 2  2 9  ± 1 4  2 6  ± 1 4  

0 
SQRT Tota l Power (ms) 35 ± 1 1  32+1 1 36 ± 1 2  34 ± 1 2  34 ± 1 1  3 0  ± 1 0  
SQRT Low Frequency (ms) 23 ± 8 21 ± 8 24 ± 8 23 ± 9 22 ± 7 1 9  ± 7 n 
SQRT High Frequency (ms) 1 2  ± 6 1 1  ± 5 1 3  ± 6 1 1  ± 5 1 2  ± 6 1 0  ± 6 

Heart Rate (beats/min) 79 ± 7 79 ± 7 78 ± 7 77 ± 7 79 ± 7 82 ± 7 )> 

)> 

Electrocardiography 0 
QTc (ms) 406 ± 1 1  423 ± 1 6- 406 ± 1 0  422 ± 1 5- 406 ± 1 1  424 ± 1 8- z 

0 

Natriuretic peptides n 
)> 

NT-ANP (nmol/1) 237 ± 76 347 ± 1 0c 229 ± 72 334 ± 79- 245 ± 81 361 ± 1 31 
BNP (pmol /1) 2.9 ± 2.8 5.1 ± 4.3- 3.2 ± 3.1 5.4 ± 3.2 2.6 ± 2.3 4.8 ± 5.4 0 

TO = before start of chemotherapy; T3 = one year after start of chemotherapy; *significant change between TO and T3, p-values < 0.05; ** idem, p-value < 0.01 ; 
0 

E/A-ratio= early peak flow velocity / atrial peak flow velocity - ratio; For abbreviations of HRV parameters, see text; SQRT= square root; 
ANP = atrial natriuretic peptide; BNP= brain natriuretic peptide. -< 



CHAPTER 9 

mean LVEF for the total group at T3 was lower compared to TO (TO: 0.61 ± 0.08 vs. T3: 
0.54 ± 0.06 (p=0.001 ). Between group I and II no difference was found in the mean 
decline in LVEF. At T3 six (17%) patients had a LVEF less than 0.50 (range 0.42-0.49), 
although all had a normal LVEF at TO. Two of these six patients were in group I and 4 in 
group II. Ten (28%) patients had a decline of more than 0.10 (range 0.10-0.22), how
ever 6 patients still had a LVEF at T3 above 0.50. Of these ten patients five were in 
group I and five in group II. 

Echocardiography 
Good 9uality echocardiograms could be obtained in 36 patients at TO, in 35 patients at 
T1, in 34 patients at T2, and in 36 patients at T3. At T3 no differences were observed in 
the mean values of the diastolic function parameters compared to the mean values at 
TO. This applied to both the total group and to the groups separately. In group I the 
mean E/A, the OT and the IVRT did not change over the different points of time. How
ever, in group I I  the mean E/A-ratio at T1 was decreased compared to TO (TO: 1.23 ± 
0.20 vs. 1.00 ± 0.25 ; p=0.014), but gradually increased after T1. However, in a 3-way 
AN OVA model in which was corrected for the heart fre9uency, no change in E/A-ratio 
over time was found. The other parameters in group II, the mean OT and IVRT, did not 
change over time. 

Heart rate variability analysis 
Successful HRV registration could be performed in 37 patients at TO, 37 at T1, 35 at T2 
and 35 at T3. The changes in HRV and the mean heart rate over 24 h (HR) over the 4 
points of time are also illustrated in figure 1. In this figure the s9uare root of Total 
Power, which is a measure of overall HRV, is shown. At T3 no difference was found in 
the HRV parameters and HR compared to TO. Furthermore, in group I the HRV pa
rameters and HR did not change during time. However, in group II all HRV parameters 
were reduced at T1, compared to TO (p-values < 0.01 ), but returned to baseline values 
at T2 and T3, while the mean HR in group II increased from 79 ± 7 beats/minute (bpm) 
at TO to 88 ± 8 bpm at T1 (p < 0.001 ), whereafter it decreased to 84 ± 9 bpm at T2 
and, to 82 ± 7 bpm at T3 which was not different from the HR at TO. 

Electrocardiography 
In total 37 EC Gs were performed at TO, 35 at T1, 35 at T2 and 35 at T3. At T3 the 
mean QT c time of the total group was significantly prolonged compared to TO (TO: 
406 ± 11 ms vs. T3: 423 ± 16 ms; p<0.001 ). Between group I and II No difference was 
found in the mean increase in QT c time from TO to T3. At T1 the mean QTc time of 
the total group (420 ± 11 ms) was already increased compared to TO (p=0.006), and 
was 426 ± 18 ms at T2. From T1 to T3 no significant change was observed. Between 
group I and II no differences in the mean QTc time were found at the different points 
of time. The QTc time was increased (> 440ms) in none of the patients at TO, in 4 
(11 %) patients at T1 in 5 (17%) patients at T2 and in 6 (17%) patients at T3. 
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Figure 1 .  Differences between group I and I I  in HRV reflected as ✓Total Power (TP) and 
heart rate (HR) in the course of time. Data presented as mean ± SD, ms= milliseconds; bpm: 
beats/min. * Significant d ifference between TO and T1 in group I I ;  p<0.001 . TO= before start 
chemotherapy; T1 = one month after chemotherapy; T2= one month after radiotherapy; T3= 
one year after start of chemotherapy 

Natriuretic peptides 
Natriuretic peptides were determined in 39 patients at TO, 39 patients at T1, 36 pa
tients at T2 and 36 patients at T3. The changes in natriuretic peptides in the course of 
time are presented in figure 2. At T3 the mean NT-ANP plasma level of the total group 
was significantly higher compared to TO (TO: 237 ± 76 pmol/1 vs. T3: 347 ± 106 pmol/1; 
p < 0.001 ). Between group I and II no difference was found in the mean increase in NT
ANP from TO to T3. The mean NT-ANP of the total group at T1 ( 297 ± 150 pmol/1) 
was already increased compared to TO (p=0.048), but the mean NT-ANP at T2 (297 ± 
1 09 pmol/1) was not higher compared to T1, while the increase from T2 to T3 was not 
significant (p=0.054). Between group I and II no difference was found in the mean NT
ANP level at the different points of time. 
At T3 the mean BNP plasma level of the total group was significantly higher compared 
to TO (TO: 2.9 ± 2.8 pmol/1 vs. T3: 5.1 ±4.3 pmol/1; p=0.04). Between group I and group 
II no difference was found in the increase in BNP. At T1 the mean BNP plasma level of 
the total group was 4.2 ± 3.5 pmol/1, which was higher compared to TO (p=0.048). At 
T2 the mean BNP level was 3.0 ± 3.0 pmol/1, not different from T1. From T2 to T3 the 
BNP level increased (p=0.002). Between group I and group II no difference was ob
served in the mean BNP level at the different points of time. 

Comparisons of detection techniques 
Early changes between TO and T1 in the plasma levels of the natriuretic peptides, in 
the QTc time, HRV and HR and diastolic function parameters did not correlate with 
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Figure 2. Alterations in NT-ANP and BNP plasma levels in the first year following chemotherapy. Data pre
sented as mean ± SD. TO= before start chemotherapy; T1 = one month after chemotherapy; T2= one month 
after radiotherapy; T3= one year after start of chemotherapy 

the decl ine in LVEF between TO and T3. Except for the change in DT between TO and 
T3,  which correl ated inversely (r=-0.49, p<0.01 ), none of the changes in the other pa
rameters studied, was associated with the change in LVEF. 
A subanalysis was performed between the patients who had developed a decline in 
LVEF of more than 0.1 0 or a LVEF of less than 0.50 at T3 (group A) ,  versus the patients 
with a dec l ine of less than 0.1 0 and a LVEF of more than 0.50 at T3 (group B). This 
ana lysis did not show differences i n  the diastol ic function parameters E/A-ratio and 
IVRT, but the DT increased more in group A patients. Whereas at TO the DT was not 
different between these groups (group A: 1 69 ± 37 ms vs. group B :  1 89± 38 ms; 
p=NS), at T3 patients in  group A had a h igher DT compared to patients in  group B 
(209 ± 42 ms vs. 1 76 ± 30 ms ; p=0.01 2). 
The mean HR between group A and B was not different at TO (group A:_ 77 ± 8 bpm vs. 
80 ± 6), but at T1 the mean HR was higher i n  group A (group A: 89 ± 6 bpm vs. group 
B: 81 ± 1 0  bpm; p=0.024), whi le the Hb level was not d ifferent (group A: 6.8 ± 0.8 
mmol/1 vs. group B: 6 .6 ± 0.7 mmol/1; p=NS). This d ifference was no longer observed 
at T2 (group A: 83± 9 bpm vs. group B: 80 ± 8 bpm; p=NS) nor at T3 (group A: 80 ± 5 
bpm vs. group B: 79 ± 8 bpm; p=NS). Between group A and B no difference was found 
in the HRV, QTc time and natriuretic peptides at the various points of time. 

Left-sided versus right-sided radiotherapy 
Between patients irradiated to the left versus those irradiated to the right s ide of the 
chest, no differences were detected in any of the tested cardiac parameters. 

DISCUSSION 

Anthracycl ines are increasingly used as part of adjuvant chemotherapy regimens for 
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locally advanced breast cancer. 1 7·18 However, concern exists that in the long term the 
survival benefit is counterbalanced by chronic cardiotoxicity. The risk of anthracycline 
induced congestive heart failure (CHF) depends on the cumulative dose, and for epi
rubicin the estimated risk has been reported to be less than 1 % below 550 mg/m2, but 
it increases to 4% at 900 mg/m2 and to 15% at 1000 mg/m2.213 However, the preva
lence of subclinical cardiotoxicity is probably much higher. In the current prospective 
study we found during the first year after chemotherapy a mild but significant impair
ment of the cardiac function in breast cancer patients treated with relatively low cu
mulative doses of epirubicin (360-450 mg/m2). This impairment was most clearly in
dicated by a decline in the mean left ventricular ejection fraction (LVEF) from 0.61 to 
0.54, which resulted in 17% of the patients in an ultimate LVEF below 0.50. In addition, 
plasma N-T erminal atrial natriuretic peptide (NT-ANP) and brain natriuretic peptide 
(BNP) levels increased in the course of time and a prolongation of the QTc time was 
observed. We found no indications for an increase in cardiotoxicity by irradiation nor 
by high-dose cyclophosphamide, both factors having been suggested to increase the 
risk of cardiotoxicity. 

The observed drop in LVEF is a clear indication that even low dosages epirubi
cin-containing adjuvant chemotherapy cause impairment of the systolic function as a 
result of myocardial damage. The magnitude of the mean decline in LVEF found in our 
study is somewhat greater than observed by Cottin et al. who found in 61 breast can
cer patients treated with a cumulative dose epirubicin of 438 ± 96 mg/m2 a decrease 
in the mean LVEF from 0.58 to 0.55 twelve months after chemotherapy.369 Although 
the mean LVEF in the present study remained within the normal range, 17% of the pa
tients had an ultimate LVEF below 0.50 (ranging from 0.42 to 0.49) and 28 % of the 
patients had a decline in the LVEF of more than 0.10. Particularly patients with a LVEF 
below 0.50 might be at an increased risk for the development of CHF in the long-term. 
On the other hand, an absolute decrease in LVEF of more than 0.10 even if LVEF re
mains within the limits of normal, may also be a risk factor. Whether the observed de
terioration in cardiac function is a stable process or slowly progressive, remains to be 
determined by further follow-up. 

Although LVEF determination is most commonly used by oncologists, its sensi
tivity and specificity for early detection of cardiotoxicity has been shown to be lim
ited.21 We therefore evaluated the usefulness of several other detection techni9ues, 
which may be more indicative for subclinical cardiotoxicity. Natriuretic peptides have 
been shown to be useful markers of left ventricular. dysfunction in both symptomatic 
and asymptomatic patients.370 Previous studies evaluating their value in the detection 
of anthracycline cardiotoxicity suggested that the levels of natriuretic peptides be
come elevated before the development of CHF and even before a decline in LVEF oc
curs.276·279 The increase in NT-ANP, which was already present one month after com
pletion of chemotherapy, developed progressively over the study time, suggesting 
that the atrial pressure increases. However, the mean NT-ANP levels remained within 
the normal range while only 2 patients had an NT-ANP level above the normal values 
after one year. BNP levels also increased, reflecting an increase in ventricular pressure. 
In the current study the increased level of natriuretic peptides was not associated with 
a decrease in LVEF. Since none of our patients developed CHF the predictive value of 
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the elevations of NT-ANP and BNP levels remains as yet uncertain. 
Several studies have shown that besides systolic dysfunction anthracyclines 

also induce diastolic dysfunction at an early stage.22·23'255 We found no evident signs of 
diastolic dysfunction as measured by echocardiography. However, in a subgroup of 
patients with a decline in LVEF of more than 0.10 and/or a LVEF of less than 0.50, we 
found a higher increase in the deceleration time than in the other patients, indicating 
an impaired relaxation of the left ventricle. Because we were not able to find changes 
in the other diastolic function parameters, the significance of this finding is uncertain. 

Previously we and others observed a reduction of HRV after anthracycline che
motherapy.24·264 In the current study no persistent reduction of HRV was demon
strated. However, particularly the measurement of HRV shortly before start of che
motherapy may have resulted in a decreased HRV due to mental stress.371 This intitial 
decrease may have masked a reduction of HRV due to epirubicin cardiotoxicity. 

The QT c time was also determined since it has been suggested to be a sign of 
cardiotoxicity.244·301 We observed a persistent increase in the mean QTc which was 
already present after completion of chemotherapy, and which resulted in a signifi
cantly prolonged QTc (>440 ms) in 17% of the patients after one year. Although pro
longation of the QT c may be multifactorial, it could indicate a disturbance in the re
polarization of the myocardium as a result of myocardial damage. The clinical signifi
cance of this finding is uncertain, but a prolonged QTc may predispose patients to the 
development of arrhythmias.372 Ferrari et al. showed that prolongation of the QTc was 
more often found in patients treated with higher doses of anthracyclines, but they 
found no correlations between prolonged QTc and functional echocardiographic al
terations.245 We also observed no correlation between the increase in QTc time and 
the decline in LVEF. 

No indications were found for an enhancement of cardiotoxicity by the use of 
left-sided irradiation of the chest compared to right-sided irradiation, although this 
study was not designed to address them. Cardiac irradiation as applied in the treat
ment of breast cancer has been suggested to be an additional risk factor for the de
velopment of anthracycline-induced cardiotoxicityY 67·373 However, with the devel
opment of the currently used modern irradiation techniques, which make use of small 
daily fractions and sophisticated planning techniques resulting in low cardiac dose 
volumes, this risk has been reduced considerably. No significant increase in cardio
toxicity was found as a consequence of the high-dose cyclophosphamide containing 
chemotherapy, although cyclophosphamide has been suggested as an additional risk 
factor of anthracycline cardiotoxicity.130 Erselcan et al. could also not demonstrate an 
enhancen:ient of subclinical cardiotoxicity as a consequence of high-dose cyclophos
phamide following epirubicin-containing adjuvant chemotherapy.357 

In summary, we observed several indications of (mild) cardiotoxicity in breast 
cancer patients following adjuvant chemotherapy which contained relatively low cu
mulative doses of epirubicin. This was shown by a decrease in LVEF, and additionally 
by an increase of the plasma levels of the natriuretic peptides as well as by an increase 
in the QT c time. Because these changes are already observed after low doses of an
thracyclines and shortly after chemotherapy, they suggest that the extent of subclini
cal cardiotoxicity after treatment with anthracyclines is probably higher than previ-
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ously described. The observed degree of subclinical cardiotoxicity may be no serious 
threat in the short-term. However, in the long-term a part of these patients may be at 
increased risk of developing late-onset cardiac dysfunction, which is especially rele
vant in patients with a favorite prognosis. 
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The follow-up study of survivors of metastatic testicular cancer presented i n  this the
sis indicated that these patients are at an increased risk of cardiovascular disease. Just 
recently our observation has been confirmed by a large study in 946 long-term survi
vors of testicular cancer from the Royal Marsden Hospital in London. They presented 
their data at the American Society of Clinical Oncology meeting 2000 and found car
diovascular events in 7.8 % of the cured patients after chemotherapy. The risk for car
diac events in cured disseminated patients was increased when compared with tes
ticular cancer patients -.yho were in surveillance and did not receive additional treat
ment after orchidectomy.374 

After establishing the definite prevalence and pathogenesis of this chronic side 
effect of cisplatin-based chemotherapy, several ways to prevent this side effect should 
be considered. Elimination of the responsible compound (e.g. cisplatin or bleomycin) 
or replacing it by a less toxic analogue appears not a feasible approach. Replacement 
of cisplatin by carboplatin, or omitting bleomycin does indeed reduce toxic side ef
fects but this is at the cost of less anti-tumor efficacy. 1 95

·
197 Therefore, it seems likely 

that in the treatment of metastatic testicular cancer four cycles of bleomycin, etopo
side and cisplatin will remain the standard regimen, although in patients with a good 
prognosis three cycles of this �ombination may also be sufficient.375 Therefore eluci
dating the pathogenesis behind the increased risk of cardiovascular disease in survi
vors of metastatic testicular cancer will be essential and may result in other methods 
to prevent or ameliorate chronic cardiovascular toxicity. 

Endothelial dysfunction is nowadays thought to play a key role in the develop
ment of cardiovascular disease in general.376 Endothelial dysfunction in survivors of 
metastatic testicular cancer treated with chemotherapy might be induced directly by 
chemotherapy or might be induced by secondary changes such as dislipidemia. To 
investigate the pivotal role of endothelial dysfunction, its prevalence has to be further 
evaluated in testicular cancer patients after chemotherapy and should be compared 
with the prevalence in both testicular patients treated with orchidectomy only and in 
the normal healthy population. Also prospective evaluation of the endothelial func
tion, before, during and after chemotherapy is re9uired to test the hypothesis that 
endothelial dysfunction is involved. Besides various biochemical parameters (e.g. von 
Willebrand factor, thrombomodulin, intercellular adhesion molecules), and meas
urement of microalbuminuria, also other non-invasive functional tests such as echo
graphic measurement of changes in the forearm blood flow before and after vasodi
lating agents might be useful for this purpose. Besides in vivo studies, also in vitro ex
periments using cultured endothelial cells may help to gain understanding of the ef
fects of chemotherapy on the function of endothelium at the cellularly and molecu
larly level. If future studies indicate a direct induction of endothelial dysfunction by 
chemotherapy, prevention of endothelial dysfunction during chemotherapy should be 
considered. Possibly a cytoprotective agent such as amifostine may be capable of re
ducing the damaging effect of chemotherapy on the endothelium and therefore influ
ence long-term side effects. 

Whether gonadal toxicity caused by the same cytostatic agents plays a role in 
the development of cardiovascular toxicity should also be investigated. We found that 
subclinical compensated hypogonadism was more pronounced in survivors of tes-
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ticular cancer treated with chemotherapy compared to those treated with orchi
dectomy only. In addition chemotherapy treated patients with lower plasma levels of 
testosterone were more insulin resistant. Subclinical compensated hypogonadism 
might have an adverse effect on the cardiovascular risk-profile and possibly correction 
of subclinical hypogonadism might therefore be another approach to reduce the risk 
of cardiovascular disease.377 

Persistent hypomagnesemia is another mechanism that might be involved in 
the development of cardiovascular disease as has been described in this thesis. 
Therefore future studies should also explore whether strict correction of magnesium 
during and after chemotherapy might prevent the development of an adverse cardio
vascular risk profile. 

Further evaluation of chronic cardiotoxicity in breast cancer patients treated 
with anthracycline containing adjuvant chemotherapy remains an important issue in 
the forthcoming years. The prevalence of this side effect in the long-term is currently 
insufficiently known because of the currently limited follow-up duration. 

If the prevalence of chronic anthracycline-related cardiotoxicity in the long
term will appear to be higher than expected, ways to prevent this side effect will have 
to be explored. It should be 9uestioned whether the more effective cancer treatment 
with anthracycline is counterbalanced by its chronic cardiotoxicity. If the prevalence of 
chronic cardiotoxicity is considered to be not acceptable, eliminating the anthracy
clines from the adjuvant regimens is a theoretical possibility. However, it is more likely 
that other ways of prevention will be followed. The search for a less cardiotoxic an
thracycline analogue remains important. Epirubicin is such an analogue which is cur
rently widely applied, but at higher doses it is also cardiotoxic and is therefore not yet 
the ideal analogue.2 13  Also new ways of administration such as the encapsulation of 
anthracyclines into liposomes seem to be a promising approach to reduce the cardio
toxcity,1 96 but this treatment has been insufficiently evaluated and is 9uite expensive. 

Much knowledge on the pathogenesis of anthracycline cardiotoxicity has been 
gathered over the last decades. The formation of free oxygen radicals in the myocytes 
during anthracycline administration appears to play a key role. Scavenging these radi
cals can be an effective way to prevent cardiotoxicity. The most promising radical 
scavenger currently being evaluated, is dexrazoxane.378 For doxorubicin treatment 
dexrazoxane is already recommended in disseminated disease after the cumulative 
dose of doxorubicin reaches 300 mg/m2

. 1 98 However, there is still no evidence for or 
against the use of dexrazoxane in the adjuvant setting for any tumor type. Because 
dexrazoxane theoretically may reduce the efficacy of anthracyclines, and because data 
are not yet available on long-term toxicity, further studies should be performed before 
this drug is used in the adjuvant setting. Although various risk-factors of anthraycline 
cardiotoxicity have been identified (e.g. a high cumulative dose, age > 70 years, pre
existent cardiac disease and a high peak dose), the wide variation in individual suscep
tibility of this side effect is still largely unexplained. It remains a challenge for future 
research to search for specific biochemical, molecular, or even genetic markers to 
predict an individual patient's susceptibility for anthracycline cardiotoxicity prior to 
the administration of chemotherapy. This would probably allow higher dosages of an-
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thracyclines and thus a more effective tumor treatment in the patients who are less 
susceptible, and it might prevent the cardiotoxicity in the susceptible patients. 

Although the aforementioned future developments may be able to prevent the 
cardiotoxicity, currently many patients are still be confronted with the potential risk of 
cardiotoxicity of anthracylines. Therefore detection of cardiotoxicity before the onset 
of congestive heart failure is still important. The determination of the left ventricular 
ejection fraction remains, despite its limitations, the techni9ue of choice in routine 
practice because no other techni9ue has been shown to be a better alternative. How
ever, further attempts should be made in the search for a more sensitive techni9ue 
that is capable to detect cardiotoxicity in an early stage and that is suitable for routine 
use. Particularly biochemical markers of cardiac damage such as the natriuretic pep
tides,368 and possibly also cardiac troponine T379 deserve further evaluation, consider
ing the ease of such test in routine practice. But further evaluation of sensitivity and 
specificity of these markers remains essential before they can be recommended for 
routine use. Possibly the recent recognition that apoptosis is also involved in the 
pathogenesis of anthracycline cardiotoxicity,380 this might lead to new detection 
methods such as in vivo visualization of apoptosis by technetium-99m-labelled an
nexin.381 

Furthermore, randomized trials are needed to investigate whether in patients 
with subclinical anthracycline cardiotoxicity, further deterioration of the cardiac func
tion can be prevented by medical intervention with for example angiotensin con
verting enzyme inhibitors. 

Since the efficacy of chemotherapy in breast cancer is still not optimized, new 
chemotherapy combinations are being explored, including the combination of an
thracyclines with taxanes and the combination of anthracyclines with the monoclonal 
antibody Trastuzumab (Herceptin). Both combinations seem tcr be very effective in 
the treatment of breast cancer, but alarming reports have already appeared concern
ing possible enhancement of cardiotoxicity.382·383 Attention for cardiotoxicity will 
therefore remain an important issue in the expanding treatment of breast cancer. 
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As a consequence of the successful use of chemotherapy in the treatment of curable 
neoplasms such as testicular cancer, and the increasing application of (neo )adjuvant 
chemotherapy for various tumor types, including breast cancer, the number of pa
tients with a presumed normal life expectancy after treatment is rising. Attention for 
long-term side effects is therefore of growing importance. Evaluation of chronic car
diovascular toxicity is of particular relevance since it may negatively influence the life 
expectancy after chemotherapy. A number of cytostatic agents is well-known for their 
toxic effects to the myocardium. Among these the most important are the anthracy
cline antibiotics, such as doxorubicin and its analogue epirubicin, and related com
pounds such as mitoxantrone. By far the most important aspect of cardiotoxicity in
duced by these agents is congestive heart failure, resulting from a cumulative dose
related myocardial damage. This damage occurs during chemotherapy, but it may take 
a long time before congestive heart failure develops. By means of non-invasive detec
tion techniques myocardial damage can be determined in an early stage before con
gestive heart failure develops which may allow early medical intervention with the 
goal to prevent further progression. Until recently, other cytostatic agents such as 
used in the treatment of patients with disseminated testicular cancer, were not known 
to cause severe chronic cardiovascular toxicity. However, several reports have indi
cated that a part of the patients who survives disseminated testicular cancer develops 
an unfavorable cardiovascular risk-profile and therefore may be prone to develop car
diovascular disease. 

The aim of this thesis as formulated in the introduction in chapter 1 was to in
vestigate the long-term effects of chemotherapy on the cardiovascular system, which 
was mainly studied in testicular cancer and breast cancer patients, treated at the Uni
versity Hospital Groningen, the Netherlands. 

Chapter 2 is a review of the literature on cardiovascular toxicity related to the 
use of cytostatic agents. Four patient groups with a good life expectancy after sue-

. cessful chemotherapy were selected to review this issue: survivors of metastatic tes
ticular cancer and of malignant lymphomas treated with curative chemotherapy, and 

.breast- and colon cancer patients treated with adjuvant chemotherapy. Besides direct 
toxic effects of chemotherapy on the cardiovascular system also the indirect toxic ef
fects such as chemotherapy related metabolic and hormonal imbalances that may ag
gravate cardiovascular damage, are discussed. In survivors of testicular cancer the 
most evident type of long-term vascular toxicity is Raynaud's phenomenon. Further
more, a part of this patient group develops an unfavorable cardiovascular risk-profile 
consisting of hypercholesterolemia and hypertension, which to our experience results 
in an increased risk of coronary artery disease. In survivors of malignant lymphomas 
and in patients treated with adjuvant chemotherapy for breast cancer the mc1in type of 
cardiotoxicity is related to the use of anthracyclines, which can result in congestive 
.heart failure. This risk of cardiotoxicity may be aggravated by the use of thoracic irra
diation. In patients treated with adjuvant chemotherapy for colorectal cancer, only 
acute cardiotoxicity (mainly angina pectoris) is reported related to the use of 5-fluo
rouracil but this does not appear to be detrimental in the long-term. 

In Chapter 3 a review of the literature is presented on the detection of anthra
cycline-induced cardiotoxicity. Although endomyocardial biopsy is considered to be 
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the most sensitive and specific test for this purpose, its use is limited by its invasive
ness. In daily practice oncologists usually make use of the non-invasive, determination 
of the left ventricular ejection fraction to detect early cardiotoxicity, but this method 
is not suitable to identify cardiotoxicity in an early stage. Based on increasing knowl
edge into the pathophysiology of anthracycline-induced cardiotoxicity and heart fail
ure in general, new methods including the determination of diastolic function pa
rameters, heart rate variability, and natriuretic peptides have been proposed to iden
tify patients at risk for the development of congestive heart failure in an early stage. 
However, most of these newer methods have not yet been adequately evaluated to 
allow them to be recommended for use in routine clinical practice. 

In Chapter 4 the results are presented of a follow-up study in testicular cancer 
survivors who had been treated 10 to 20 years previously with cisplatin based 
chemotherapy. Since in previous studies it was shown that a number of testicular cancer 
patients develops an unfavorable cardiovascular risk-profile after chemotherapy, 
consisting of hypercholesterol�mia, overweight and hypertension, we investigated 
whether these cured patients in the long-term, are at an increased risk of developing 
cardiovascular morbidity and mortality. Therefore 87 patients treated with cisplatin 
containing chemotherapy who were still in remission for at least 10 years and whose age 
was 50 years or less at the time of the analysis, were evaluated for the occurrence of 
cardiovascular events. Major cardiac events were found in 5 of the 87 patients (age at 
time of event 30-42 years; 9-16 years after chemotherapy): 2 patients had a myocardial 
infarction and 3 patients angina pectoris with proven myocardial ischemia. An increased 
risk for coronary artery disease, as compared to the general male Dutch population was 
found. Of these 87 patients, 62 were additionally evaluated for cardiac damage and 
cardiovascular risk factors. Their cardiovascular risk profile was compared to that of 40 
patients with comparable age and follow-up duration treated with orchidectomy only for 
stage I testicular cancer. Echocardiography in the patients treated with chemotherapy 
showed a normal systolic left ventricular function in most patients, but the diastolic left 
ventricular function was disturbed in 33%. Moreover, 79% had hypercholesterolemia, 
39% hypertension, 25% still experienced Raynaud's phenomenon, and 22 % had 
microalbuminuria probably reflecting endothelial dysfunction. Compared with stage I 
patients, the chemotherapy treated patients had higher blood pressures, higher total 
serum cholesterol- and triglyceride levels and were more insulin resistant. The 
pathogenesis of the observed increased risk of coronary artery disease is unclear, but this 
may be linked with several factors, including metabolic and hormonal changes related to 
gonadal toxicity, possibly resulting in the development of a syndrome X- like state. The 
latter is suggested by the combination of overweight, microalbuminuria, hypertension, 
insulin resistance and dyslipidemia found in some of these patients. Furthermore, the 
induction of chronic endothelial dysfunction may play a role. Accurate follow-up, 
focused on cardiovascular complications and aiming at intervention in these young 
cancer-survivors, appears to be of great importance in the near future. 

Exposure to cisplatin combination chemotherapy seems with the current data an 
important contributing factor in the occurrence of cardiovascular disease in long-term 
survivors of metastatic testicular cancer. The interval between chemotherapy 
treatment in these patients and the development of cardiovascular disease may take 
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more than 10 years. 
For this reason we hypothesized in chapter 5 whether the observed increased 

risk of cardiovascular disease might be related to prolonged retention of cisplatin in 
the body. Therefore we measured plasma platinum concentrations using a very 
sensitive assay. In this assay high-pressure decomposition of samples was performed, 
followed by an adsorptive voltammetric measurement. Plasma platinum 
concentrations in the patients studied were compared with those of 20 control 
patients who were cured from stage I testicular cancer by orchidectomy without 
chemotherapy. In all 61 tested patients who were 10-20 years after cisplatin 
administration, platinum was detectable with a mean concentration of 64 · 9 pg/g 
plasma, whereas in the control group platinum concentrations were not detectable. 
The height of the platinum concentration was related to the cumulative dose 
administered and inversely related to the renal function. These results suggest that 
platinum is recirculating in the plasma between potential body stores such as the liver, 
bone, and muscle. These chronic low plasma concentrations of platinum may play a 
role in the development of cardiovascular morbidity after chemotherapy. 

In chapter 6 we describe the results of the investigations regarding the mag
nesium status in long-term survivors of testicular cancer. Hypomagnesemia in general 
has been associated with hypertension, abnormal lipid metabolism, and accelerated 
atherosclerosis, and the occurrence of vascular ischemic events. Cisplatin can cause 
proximal-tubule damage that results in renal magnesium wasting. The time during 
which this magnesium depletion persists after treatment is not known. Since about 99 
% of the total body magnesium is located intracellularly, determination of the red
blood cell magnesium concentration might be a better indicator of the magnesium 
status than the serum magnesium concentration. In addition, a low intracellular mag
nesium content is associated with hypertension and insulin-resistance. Both red-blood 
cell magnesium concentration (assessed by an indirect method) and the serum mag
nesium concentration were measured in 50 survivors of testicular cancer who were 10 
to 20 years after treatment. These data were compared with the magnesium status of 
a control group of 17 patients with testicular cancer not treated with chemotherapy. 
We found that although the mean serum concentration of magnesium in both groups 
did not differ, the red-blood cell magnesium content in the group of patients treated 
with chemotherapy was significantly lower than in the control group. These data sug
gest that up, to 20 years after cisplatin-containing chemotherapy survivors of testicular 
cancer are still magnesium deficient, although the serum magnesium concentration is 
normal. This disturbed magnesium e9uilibrium might play a role in the development 
of unfavorable cardiovascular risk-profile observed in these patients. 

In chapter 7 we describe a (pilot) study performed in breast cancer patients, 
who had been treated with anthracyclines and irradiation, in order to investigate early 
signs of cardiotoxicity in these patients. These patients had all participated in high
dose chemotherapy schedules including autologous bone- or stem cell transplanta
tion. We tested whether analysis of the heart rate variability calculated from a 24-hr 
Holter registration, as measure for the autonomic tone, and assessment of the dia
stolic function by echocardiography could help to identify early signs of cardiotoxicity. 
Therefore twenty females treated for breast cancer with high-dose anthracycline-
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based chemotherapy were evaluated. None of these patients had signs or symptoms 
of heart disease and all had a normal systolic left ventricular function. One or more 
echocardiographic diastolic parameters were abnormal in 50 % of the patients. HRV 
frequency parameters were even abnormal in 85 % of the patients. Mean values of 
both time domain and frequency domain parameters were decreased, in particular the 
parasympathetic indexes compared to a control group consisting of healthy age
matched females. It was concluded that autonomic impairment occurs in a large pro
portion of asymptomatic patients with normal systolic LV function after high-dose 
anthracycline-based chemotherapy and seems to be an early sign of cardiotoxicity af
ter treatment. 

To explore these findings further in a more homogenous population we 
evaluated in chapter 8 in a cross-sectional design the cardiac function by means of 
various detection techniques in 56 breast cancer patients two or more years after 
epirubicin-containing chemotherapy combined with locoregional irradiation. Patients 
had been treated within a randomized phase Ill study comparing 5 cycles of 5-
fluorouracil, epirubicin (90 mg/m2), and cyclophosphamide (FEC) (n=30) with 4 cycles 
of FEC followed by high-dose chemotherapy consisting of cyclophosphamide (6g/m2) .  
thiotepa and carboplatin (n=26). The main findings of this study showed that 11 % of 
all patients had a decreased systolic function and 38% an impaired diastolic function. 
HRV parameters reflecting vagal activity in the whole patient group were significantly 
impaired compared to healthy age-matched controls. In 30% of the patients exertional 
dyspnea was present. These patients were ch;iracterized by an impaired diastolic 
function and a reduced HRV compared to patients without these symptoms. No 
difference in cardiotoxicity was found between the treatment regimens. This study 
showed that in a substantial number of breast cancer patients treated with a relatively 
low cumulative dose of epirubicin signs of mild chronic cardiotoxicity are present two 
or more (maximum 6.5) years after treatment. 

Following this cross-sectional study, we describe in chapter 9 the results of a 
prospective evaluation of the cardiac function of 40 breast cancer patients who were 
treated in the same phase Ill trial as described in chapter 8. Of them 21 patients were 
treated with 5 cycles of FEC and 19 with 4 cycles of FEC followed by high-dose 
chemotherapy consisting of cyclophosphamide, th_iotepa and carboplatin. The cardiac 
function of these patients was evaluated before chemotherapy, after completion of 
chemotherapy but before radiotherapy, after radiotherapy and one year after 
chemotherapy. During the studied period, none of the patients in this study 
developed congestive heart failure. However, various indications of an impairment of 
the cardiac function were observed including a decline in the mean left ventricular 
ejection fraction (LVEF), resulting in an abnormal LVEF in 17% of the patients. Plasma 
levels of natriuretic peptides increased gradually in the course of time and an increase 
in the QTc time was observed. No persistent alterations were found in the diastolic 
function and the HRV, although the HRV was temporarily reduced shortly after 
chemotherapy in patients treated with the high-dose regimen. The observed changes 
in cardiac function indicate mild cardiotoxicity one year after start of treatment which 
in some of these patients niay result in an increased risk for development of late-onset 
congestive heart failure. 
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In chapter 1 0  suggestions with respect to further research are described. It is 
important to outline the prevalence of cardiovascular toxicity due to cytostatic agents 
and to investigate the pathogenesis. Thereafter attempts should be made to amelio
rate or even prevent the cardiovascular side effects of cytostatic agents. The ultimate 
goal will be adding to a successful treatment of patients with cancer, a maximization 
of their chances of a long and healthy life by designing strategies for primary and sec
ondary prevention of long-term toxic effects of chemotherapy. 
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NEDERLANDSE SAMENVATTING 

Door het succes van chemotherapie in de behandeling van patienten met uitzaaiingen 
van testiskanker, en het toenemende gebruik van (neo )adjuvante chemotherapie voor 
verschillende andere soorten kanker, waaronder borstkanker, is het aantal patienten 
met een veronderstelde normale levensverwachting na behandeling aan het toene
men. Daarom wordt de aandacht voor lange termijn effecten van de chemotherapie in 
toenemende mate van belang. Met name is onderzoek naar het v66rkomen van chro
nische cardiovasculaire toxiciteit van belang omdat deze vorm van toxiciteit de kwali
teit van leven en de levensverwachting na chemotherapie negatief kan be'i'nvloeden. 
Van een aantal cytostatica is reeds lange tijd bekend dat zij schade aan het myocard 
(hartspierweefsel) kunnen geven. De belangrijkste hiervan zijn de anthracycline anti
biotica, zoals doxorubicine en epirubicine, en hieraan gerelateerde cytostatica zoals 
mitoxantrone. De klinisch meest belangrijke vorm van cardiotoxiciteit die wordt ver
oorzaakt door anthracyclines is hartfalen, dat het gevolg is van myocard schade. Het 
optreden van deze schade hangt samen met de cumulatieve dosis van de toege
diende anthracyclines. Deze myocard schade ontstaat reeds tijdens de chemotherapie, 
maar het kan lang duren voordat er klachten en verschijnselen ontstaan. Met behulp 
van non-invasieve detectiemethoden kan de myocard schade in een vroeg stadium, 
voordat het hartfalen zich manifesteert, warden opgespoord. Dit maakt misschien 
vroegtijdige behandeling met medicijnen mogelijk, met als doel verdere ver
slechtering van de hartfunctie te voorkomen. 

Tot voor kart was het van andere cytostatica zoals die bijvoorbeeld gebruikt 
warden bij de behandeling van patienten met uitgezaaide testiskanker, niet goed be
kend of deze ook op de lange termijn chronische cardiovasculaire toxiciteit zouden 
kunnen veroorzaken. Wei was uit vroegere onderzoeken gebleken dat een aantal van 
deze patienten na behandeling met chemotherapie, een ongunstig cardiovasculair 
risicoprofiel ontwikkelt, hetgeen zou kunnen leiden tot een grotere kans op het ont
staan van hart- en vaatziekten. 
Het doel van dit proefschrift, zoals beschreven in hoofdstuk 1, is de lange termijn 
effecten van chemotherapie op het cardiovasculaire systeem te onderzoeken. Dit on
derzoek vond plaats bij patienten met testiskanker en bij patienten met borstkanker, 
die alien behandeld werden in het Academisch Ziekenhuis Groningen, Nederland. 

Hoofdstuk 2 geeft een overzicht van de literatuur betreffende cardiovasculaire 
toxiciteit, samenhangend met het gebruik van cytostatica. Vier groepen patienten 
met een goede levensverwachting na chemotherapie werden uitgezocht om dit on
derwerp te bespreken: genezen patienten met uitgezaaide testiskanker of lymfe
klierkanker, en patienten met borst- of darmkanker die behandeld waren met adju
vante chemotherapie. Naast de directe toxische effecten van chemotherapie op het 
cardiovasculaire systeem, werden ook de indirecte toxische effecten besproken, zoals 
de door chemotherapie veroorzaakte metabole en hormonale veranderingen die de 
kans op cardiovasculaire ziekten kunnen vergroten. Bij patienten die waren genezen 
van uitgezaaide testiskanker is de meest voorkomende vorm van chronische vasculaire 
schade het fenomeen van Raynaud. Verder ontstaat bij een aantal patienten een on
gunstig cardiovasculair risicoprofiel dat volgens onze eigen bevindingen leidt tot een 
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verhoogde kans op cardiovasculaire ziekte. 
Bij patienten die genezen zijn van hun lymfeklierkanker en bij patienten die met 

adjuvante chemotherapie worden behandeld voor borstkanker, wordt het belangrijk
ste deel van de cardiotoxiciteit veroorzaakt door het gebruik van de anthracyclines, 
dat kan resulteren in klinisch hartfalen. De kans dat deze cardiotoxiciteit ontstaat zou 
vergroot kunnen worden door gelijktijdige of latere bestraling van de borstkas. 

Hoofdstuk 3 geeft een overzicht van de literatuur betreffende de detectie
technieken van de door anthracycline veroorzaakte cardiotoxiciteit. Hoewel een hart
spierbiopsie wordt beschouwd als de meest gevoelige en specifieke test, is de toepas
sing van deze methode ongeschikt voor routine gebruik. In de dagelijkse praktijk 
wordt meestal gebruik gemaakt van de non-invasieve bepaling van de uitdrijfkracht 
van de linker kamer, de zgn. ejectie fractie van de linker ventrikel. Deze methode is 
echter ongeschikt om in een vroeg stadium cardiotoxiciteit vast te stellen. Gebaseerd 
op een toenemend inzicht in de pathofysiologie van anthracycline-veroorzaakte car
diotoxiciteit en van hartfalen in het algemeen, zijn nieuwere technieken voorgesteld 
zoals de bepaling van diastolische functie parameters, de analyse van de heart rate va
riability, en de bepaling van natriuretische peptiden in het bloed met als doel pa
tienten met een verhoogd risico op hartfalen in een vroeg stadium op te sporen. 

In hoofdstuk 4 worden de resultaten gepresenteerd van een vervolgstudie bij 
patienten met testiskanker. Deze patienten werden 1 0  tot 20 jaar geleden behandeld 
met cisplatine bevattende chemotherapie. Omdat uit eerdere studies was gebleken 
dat een aantal patienten een ongunstig cardiovasculair risicoprofiel ontwikkelt, be
staande uit hypercholesterolemie, hypertensie en overgewicht, hebben we onder
zocht of deze patienten ook een verhoogd risico hebben op het ontstaan van cardio
vasculaire ziekte en sterfte. Daartoe werden 87 jonge patienten die na behandeling 
met cisplatine bevat_tende chemotherapie tenminste 10 jaar in blijvende remissie wa
ren, onderzocht -op het voorkomen van cardiovasculaire ziekten. Cardiale afwijkingen 
werden bij 5 van deze 87 patienten gevonden (2 patienten kregen een myocardinfarct 
en 3 patienten hadden angina pectoris met bewezen myocard ischemie). In vergelij
king met de normale Nederlandse bevolking werd een verhoogd risico op het ont
staan van coronair lijden gevonden. 

Bij 62 van deze patienten werd vervolgens aanvullend onderzoek verricht. 
Hierbij werd het cardiovasculaire risicoprofiel vergeleken met dat van 40 patienten 
van vergelijkbare leeftijd en follow-up duur, waarbij alleen de testis was verwijderd. 
Vergeleken met de patienten waarbij alleen de testis was verwijderd, hadden de pa
tienten die behandeld waren met chemotherapie, een hogere bloeddruk, hogere 
cholesterol en triglyceride spiegels in het bloed en bleken ze minder gevoelig te zijn 
voor insuline. 

Onderzoek naar de functie van het hart door middel van geluidsonderzoek 
(echocardiografie) liet zien dat bij de patienten die behandeld waren met chemothe
rapie de uitdrijffunctie van de linker kamer meestal normaal was, maar dat de diastoli
sche functie gestoord was bij 33% van de patienten. Bovendien had 25% van de pa
tienten nog steeds last van het fenomeen van Raynaud, en 22% van de patienten had 
microalbuminurie hetgeen waarschijnlijk een uiting is van endotheel disfunctie. 

De oorzaak van het verhoogde risico op het ontstaan van coronair lijden na cis-
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platine bevattende chemotherapie is onduidelijk, maar het zou te maken kunnen heb
ben met verschillende factoren, zoals metabole en hormonale veranderingen ten ge
volge van de gonadale toxiciteit van de chemotherapie. Deze toxiciteit leidt tot een 
'syndroom X'-achtig beeld bestaand uit een combinatie van overgewicht, microalbu
minurie hypertensie, insuline resistentie en dislipidemie. Verder zou het veroorzaken 
van chronische endotheelschade oak een rol kunnen spelen. Nauwkeurig vervolg on
derzoek bij deze patienten is van groot belang. De aandacht moet hierbij niet alleen 
uitgaan naar het optreden van cardiovasculaire complicaties, maar ook naar mogelijke 
preventieve en therapeutische interventies. 

Blootstelling aan cisplatine combinatie chemotherapie lijkt met deze data een 
belangrijke bijdragende factor in het optreden van cardiovasculaire ziekte in patienten 
genezen van uitzaaiingen van testiskanker. Het interval tussen de chemotherapie en 
het optreden van cardiovasculaire ziekte kan langer dan 10 jaar duren. 

Daarom veronderstelden we in hoofdstulc 5 dat het verhoogde risico op car
diovasculaire ziekte na behandeling met cisplatine combinatie chemotherapie in rela
tie zou kunnen staan tot langdurige aanwezigheid van cisplatine het lichaam. Daartoe 
werden platinum concentraties in het plasma gemeten met een gevoelige assay. De 
plasma platinum concentraties van behandelde patienten werden vergeleken met die 
van 20 controle patienten waarbij alleen een testis was verwijderd. In het plasma van 
alle 61 onderzochte patienten was platinum detecteerbaar (gemiddelde concentratie 
van 64.9 pg/g plasma) ondanks het feit dat deze patienten 10-20 jaar eerder met cis
platine bevattend chemotherapie waren behandeld. In de controle groep was plati
num niet in het plasma detecteerbaar. De hoogte van de platinum concentratie bij de 
behandelde patienten was positief gecorreleerd met de toegediende cumulatieve do
sering cisplatine en negatief gecorreleerd met de nierfunctie. Uit deze resultaten blijkt 
dat platinum waarschijnlijk recirculeert tussen verschillende lichaams depots zoals de 
lever, beenmerg en spieren. Deze chronische lage platinum concentraties in het plas
ma zouden een rol kunnen spelen in de ontwikkeling van cardiovasculaire ziekte na 
chemotherapie. 

In hoofdstulc 6 beschrijven we de resultaten van een onderzoek naar het mag
nesium evenwicht bij patienten die genezen zijn van testiskanker. Een te laag magne
sium gehalte in het bloed heeft een mogelijke relatie met het ontstaan van hy
pertensie, een afwijkend lipidenprofiel, en een versnelde atherosclerose. Cisplatine 
veroorzaakt schade aan de proximale tubuli in de nieren dat resulteert in verlies van 
magnesium via de urine. Hoe lang dit magnesium verlies aanwezig blijft na de chemo
therapie is niet precies bekend. Omdat ongeveer 99% van het totale lichaams magne
sium zich intracellulair bevindt, zou het bepalen van de magnesium concentratie in de 
rode bloedlichaampjes een betere maat kunnen zijn van het magnesiumevenwicht 
dan de bepaling van het magnesium in het serum. Bovendien, zou een lage magne
sium concentratie in de rode bloedlichaampjes in verband staan met hypertensie en 
insuline resistentie. Zowel de concentratie van magnesium in de rode bloedlichaam
pjes als in het serum werd gemeten bij 50 patienten, die 10 tot 20 jaar eerder met 
chemotherapie waren behandeld. De gegevens werden vergeleken met die van een 
controle groep bestaande uit 17 testiskanker patienten waar de behandeling alleen 
bestond uit verwijdering van de testis. We vonden dat geen verschil bestond in de 
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gemiddelde serum magnesium concentratie, maar wel in de intracellulaire magnesium 
concentratie. Deze was namelijk in de chemotherapie groep lager dan in de controle 
groep. Deze gegevens suggereren dat tot 20 jaar na een behandeling met cisplatine
bevattende chemotherapie, patienten nog steeds een magnesium tekort hebben on
danks het feit dat de magnesium concentratie in het serum normaal is. Dit verstoorde 
magnesium even.wicht zou een rol kunnen spelen in de ontwikkeling van het ongun
stige cardiovasculaire risicoprofiel dat in deze patienten wordt gevonden. 

In hoofdstuk 7 beschrijven we een orienterend onderzoek naar het v66rko
men van vroege tekenen van cardiotoxiciteit. Dit onderzoek is uitgevoerd bij borst
kanker patienten die behandeld waren met anthracyclines als onderdeel van hoog ge
doseerde chemotherapie en autologe stamcel- of beenmerg transplantatie en bestra
ling. We onderzochten of heart rate variability (HRV) analyse berekend op basis van 
een 24 uurs ECG-registratie, en het bepalen van de diastolische functie van het hart 
door middel van echocardiografie van waarde zou kunnen zijn. Deze onderzoeken 
werden verricht bij 20 vrouwen die behandeld waren voor borstkanker. Niemand was 
tevoren bekend met een hartziekte en alle patienten hadden een normale systolische 
linker ventrikel functie. We vonden dat een of meerdere diastolische parameters af
wijkend waren in 50% van de patienten. De HRV fre9uentie domein parameters bleken 
zelfs afwijkend te zijn bij 85% van de patienten. De gemiddelde waarden van zowel de 
tijd domein als ook de fre9uentie domein parameters waren verlaagd. Wanneer deze 
gegevens werden vergeleken met die van een controlegroep bestaande uit gezonde 
leeftijdsgenoten, dan bleken vooral de parasympatische parameters te zijn verlaagd. 
We concludeerden dat een verslechtering van de autonome functie voor komt bij een 
groat deel van nog asymptomatische patienten met een normale systolische linker 
ventrikel functie na anthracycline behandeling. Deze verslechtering lijkt een vroeg te
ken van cardiotoxiciteit te zijn, hoewel de linker ventrikel nog een normale uitdrijf 
functie heeft . 

In hoofdstuk 8 wordt een eenmalig onderzoek naar de cardiale functie van 56 
patienten twee of meer jaren na epirubicine-bevattende chemotherapie gecombi
neerd met locoregionale radiotherapie beschreven. Patienten waren behandeld in het 
kader van een gerandomiseerde studie waarin de effectiviteit van 5 kuren van 5-flu
orouracil, epirubicine en cyclophosphamide (FEC) (n=30) werd vergeleken met die 
van 4 kuren FEC gevolgd door hoge dosis chemotherapie bestaande uit cyclophosp
hamide, thiotepa, en carboplatin (n=26). De belangrijkste uitkomsten van dit onder
zoek waren dat 11 % van de patienten een verminderde systolische en 38% een ver
minderde diastolische hartfunctie had. Ook de HRV parameters die de parasympati
sche activiteit weerspiegelen, waren verlaagd. Dertig procent van de patienten klaagde 
over kortademigheid bij inspanning. Deze patienten bleken een verminderde diastoli
sche functie en een lagere HRV te hebben vergeleken met patienten zonder deze 
klachten. Er kon geen verschil aangetoond warden in het v66rkomen van cardi
otoxiciteit tussen de beide behandeling regimes. Deze studie liet zien dat bij een aan
zienlijk deel van de patienten behandeld met relatief lage cumulatieve dosis (360-
450mg/m2) epirubicine tekenen van geringe cardiotoxiciteit aanwezig zijn. 

In hoofdstuk 9 beschrijven we de resultaten van een prospectieve herhaalde 
evaluatie van de cardiale functie van 40 borstkanker patienten. Ook deze patienten 
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werden behandeld in dezelfde gerandomiseerde studie als beschreven in hoofdstuk 8. 
In totaal werden 21 patienten behandeld met 5 FEC kuren en 19 patienten met 4 FEC 
kuren gevolg door hoge-dosis chemotherapie. De cardiale functie van deze patienten 
werd gemeten voor het begin van de chemotherapie, na beeindiging van chemothe
rapie maar voor het begin van de radiotherapie, na radiotherapie en een jaar na che
motherapie. Geen van deze patienten ontwikkelde klinisch verschijnselen van hartfa
len. Er werden echter wel verschillende aanwijzingen gevonden voor een verslechte
r ing van de hartfunctie, zoals een afname van de gemiddelde linker ventrikel ejectie
fractie (LVEF), hetgeen resulteerde in een abnormale LVEF bij 17 % van de patienten. 
Verder namen de plasma spiegels van natriuretische peptiden in de loop van de tijd 
geleidelijk toe en werd er een toename van de QTc tijd vastgesteld. Blijvende veran
deringen werden niet gevonden in de diastolische functie en de HRV, hoewel een tij
delijke vermindering in HRV werd gemeten bij patienten die behandeld waren met de 
hoge-dosis chemotherapie. De vastgestelde veranderingen in de cardiale functie to
nen dat 1 jaar na het begin van de chemotherapie er nog sprake is van geringe car
diotoxiciteit die bij sommige patienten wellicht kan leiden tot een verhoogd risico op 
het ontwikkelen van klinisch hartfalen. 

In hoofdstuk 10 warden suggesties voor verder onderzoek gegeven.  Het is 
van belang het v66rkomen van chronische cardiovasculaire toxiciteit van cytostatica 
vast te stellen en de pathogenese te onderzoeken. Vervolgens moeten er pogingen 
warden gedaan om deze cardiovasculaire schade te verminderen of zelfs te voorko
men. Het uiteindelijke doel is om bij patienten met kanker naast een succesvolle che
motherapie behandeling, de kans op een lang en gezond leven na chemotherapie zo 
groat mogelijk te maken, door het bedenken van strategieen om schadelijke lange 
termijn effecten te voorkomen. 
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DANKWOORD 

DANKWOORD 

Dit proefschrift is het resultaat van een vruchtbare samenwerking tussen de afdelin
gen Medische Oncologie en de Cardiologie van het Academisch Ziekenhuis Gronin
gen. Veel mensen hebben de afgelopen jaren een belangrijke bijdrage geleverd aan dit 
promotieonderzoek. Als eerste wil ik het ijzersterke 'supportive care team' wat de af
gelopen jaren om mij heen heeft gestaan bedanken, omdat het zonder hen zeker niet 
was gelukt. 

Mijn eerste promotor prof. dr. D.Th. Sleijfer. Beste Dirk, ik ben je zeer erkente
lijk voor de bijna vaderlijke wijze waarop je mij de afgelopen jaren hebt begeleid. Je 
orde-in-de-chaos-scheppend-vermogen, je kritische blik worden reeds decennia lang 
geroemd in dankwoorden van voorgangers promovendi, en ik sluit me graag bij hen 
aan. Je was altijd bereid je werkzaamheden te onderbreken voor een warrige vraag of 
een verzuchting van mijn kant. Ook je steun op de wat taaiere momenten van het 
promotieonderzoek, heb ik als bijzonder waardevol ervaren. 

Mijn tweede promotor prof. dr. D.J, van Veldhuisen. Beste Dirk Jan, je enthousi
asme voor je vak en voor het doen van onderzoek werkten vaak als een opkikker. Het 
is niet altijd even gemakkelijk om als cardioloog elke maand weer van die lastige on
cologen op je kamer te krijgen, maar daar sloeg je je toch altijd prima doorheen. lk 
vind het prachtig dat je mijn promotor hebt kunnen worden, en dank je hartelijk voor 
de belangrijke bijdrage die je hebt geleverd aan dit promotieonderzoek. 

Mijn co-promotor Dr. W.T.A. van der Graaf. Beste Winette, ik vond het erg 
prettig met jou te mogen samenwerken. Je frisse kijk op onderzoeksresultaten en je 
nauwkeurige werkwijze hebben veel aan de kwaliteit van dit proefschrift bijgedragen. 

Mijn referent Dr. J.A. Gietema. Beste Jourik, een betere coach had ik mij niet 
kunnen wensen. Je vormde de perfecte schakel tussen mij en 'de bazen' waar je in
middels ook zelf toe behoort. Met opbeurende opmerkingen als "strijder","het kan 
altijd erger" en "leven is lijden",  wist je me door dipjes heen te slepen. lk waardeer je 
zeer om je efficiente werkwijze, je scherp analyserend vermogen, je abonnement op 
Lancet letters, maar vooral als persoon. 

Prof. dr. E.G.E. de Vries. Beste Liesbeth, ondanks dat je bij vele tientallen projec
ten bent betrokken, heb je je ook weer voor dit promotieonderzoek volop ingezet, 
waarvoor hartlijke dank. Hoe je dat allemaal doet, blijft een raadsel. 

Verder wil ik alle medeauteurs bedanken voor hun inbreng bij de totstandko
ming van de diverse hoofdstukken. Dr. Maarten van den Berg wil ik bedanken voor 
zijn bijdrage in met name het echocardiografische deel van het onderzoek en dr. Jaap 
Haaksma voor zijn hulp bij de analyse en interpretatie van de HRV resultaten. Voor de 
statistiek heb ik veel gehad aan Dr. Wim Sluiter en drs. Corine Volkers. Dr. Frans 
Boomsma, was verantwoordelijk voor de ANP en BNP bepalingen en veel leuke ge
sprekken over de telefoon. Dr. D.A. Piers en Dr. P.L. Jager van de afdeling nucleaire ge
neeskunde dank ik voor de behoordeling van de vele MUGA-scans. Diverse hoofd
stukken werden op deskundige wijze van commentaar voorzien door Prof.dr. H. 
Schraffordt Koops, dr. P.H.B. Willemse, prof. dr. N.H. Mulder, en dr. W.V. Dolsma. 
Prof. Dr. D.R.A. Uges dank ik voor zijn bijdrage aan de hoofdstukken 5 en 6. 
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Drs. Michael Schaapveld van het IKN dank ik voor zijn statistische hu lp  bij 
hoofdstuk 4. Ronald Gijssen van het RIVM was erg behulpzaam met het beschikbaar 
stel len van de incidentiecijfers van hart- en vaatziekten van de a lgemene Nederlandse 
bevolking. Als student hebben drs.  Myrthe Runne, drs. Tom Gelevert, en d rs. Anne 
Rixt Buursma een essentiele bif drage geleverd aan respectievelijk de hoofdstukken 4, 
5 en 6. 

Alie regas-medewerkers en dokters-assistenten van de pol ik l i n iek interne ge
neeskunde, a l s  ook van het functiecentrum cardiologie waren onmisbaar voor de lo
gistieke ondersteuning. 

Wil ly Bruins dank ik voor het zorgvuld ig opleuken van diverse manuscripten en 
al le verdere secretariele ondersteuning. 

Al ie patienten die voor dit proefschrift belangeloos 24-uurs urine hebben ver
zameld of met vervelende 'kastjes' hebben moeten rondlopen, dank ik voor hun me
dewerking. 

De leden van de promotiecommissie Prof. Dr. H.J .G.M. Crijns, Prof. Dr. I r. F.E. 
van Leeuwen en Prof. Dr. N.H. Mulder, dank i k  voor de tijd en aandacht die zij hebben 
besteed aan de beoordel ing van dit proefschrift. 

Beste HO-ers, (ik hoop voor ju l l ie dat dit toch het echt het laatste proefschrift is 
dat ju l l ie  zo kunnen warden genoemd) ju l l ie zorgden voor de bijzondere werksfeer, 
a l l e  gezel l igheid, zin- en onzinpraat, te lange theepauzes, noodstroomborrels, of zo
maar barrels die het leven a ls  promovendus aanzien l i jk veraangenamen. 

M ij n  paran imfen Peter Kraaij (ex-collega microl ight eigenaar) en Peter-Edward 
Boer (collega lu idmeester) dank ik alvast voor de zware taak die zij op zich hebben 
genomen om mij praktisch en moreel te ondersteunen. lk verheug me nu a l  op het 
moment dat wij onze pakjes aanmogen. 

Fami l ie en V_!ienden wil ik bedanken voor a l le mentale support de agelopen ja
ren.  Tot slot, l ieve Bouke en Nina, ontzettend bedankt voor a l le kansen en steun d ie 
ju l l ie  mij de afgelopen 3 decennia, en ook weer tijdens dit promotieonderzoek hebben 
gegeven .  

Martin Meinardi 
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